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Abstract
Watts III, Thomas Eugene. Ph.D. The University of Memphis. May 2016. Method Development,
Analysis, and Modeling of Drinking Water Contaminants and Disinfection By-Products. Major
Professor: Paul S. Simone Jr., Ph.D.
Drinking water contaminants exist in many different forms and come from a variety of
different natural or anthropogenic sources. Some of these drinking water contaminants can be
harmful to human life do to their toxic nature. Due to their harmful nature many of these
contaminants are regulated by the United States Environmental Protection Agency. Two types
of these regulated contaminants include hexavalent chromium and disinfection by-products.
With growing concerns about hexavalent chromium contaminating drinking water
supplies a comprehensive study of hexavalent chromium sources were evaluated to determine if
alternative sources of hexavalent chromium are contributing to drinking water contamination.
The study evaluated the possibility that hexavalent chromium could be added unintentionally to
drinking water via sodium hypochlorite solutions used to disinfect drinking water. The stability
as well as the oxidation states of chromium was also explored.
In addition, a new method for detecting trihalomethanes and haloacetic acids was
achieved. This method allows for the detection of both classes of compounds in one
chromatographic analysis at the μg L-1 level by the use of gas chromatography with electron
capture detection and dimethyl sulfate chemistry.
As an alternative to measuring trihalomethane concentrations in drinking water many
water treatment plants rely on the use of empirical models. In an effort to improve the way in
which these models are used by water treatment plants, a new way of calibrating these empirical
models was created. These models were calibrated using the Trihalomethane Rapid Response
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unit and used to predict trihalomethane concentration over a year later within 2 μg L-1 of
measured concentrations.

v

Table of Contents
Page
LIST OF FIGURES

x

LIST OF SYMBOLS AND ABBREVIATIONS

xiv

CHAPTER 1: INTRODUCTION

1

CHAPTER 2: ANALYSIS OF Cr (VI) IN HYPOCHLORITE SOLUTIONS

9

USED FOR DRINKING WATER DISINFECTION
Introduction

9

Experimental

12

Reagents, Chemicals, and Standards

12

Sampling of Bulk Hypochlorite Solution

12

Analysis of Total Chlorine by Iodometry

13

Reagents, Standards, and Sampling

13

Instrumentation

14

Calibration and Sample Analysis

15

Calculations and Error Analysis

15

Analysis of Cr (VI) by USEPA Method 218.6

16

Reagents, Standards, and Sampling

16

Instrumentation

17

Calculations and Error Analysis

18

Analysis of Total Chromium by Graphite Furnace Atomic
Absorption

19

Instrumentation

19

Reagents, Standards, and Sampling

19

vi

Results and Discussion

20

Analysis of Cr (VI) by USEPA Method 218.6

22

Analysis of the Stability of Cr (VI) in Bleach

24

Analysis of the Effects of Bleach on the Oxidation of a
Chromium Solution

25

Analysis of Total Chromium by Graphite Furnace Atomic
Absorption

27

Conclusion

28

CHAPTER 3: THE DETECTION OF TRIHALOMETHANES AND
HALOACETIC ACIDS BY CAPILLARY MEMBRANE SAMPLING
GAS CHROMATOGRAPHY WITH DIMETHYL SULFATE CHEMISTRY

30

Introduction

30

Experimental

39

Chemicals and Reagents

39

Instrumentation

40

Results and Discussion

41

Preliminary Results

41

Familiarization and Optimization

45

MDL, Accuracy, and Precision

48

Conclusions

52

CHAPTER 4: USING AUTOMATED ON-SITE MONITORING TO
CALIBRATE EMPIRICAL MODELS OF TRIHALOMETHANES
CONCENTRATIONS IN DRINKING WATER

vii

54

Introduction

54

Experimental

60

City of Lebanon, TN, WTP

60

The THM-Rapid Response System

61

Reagents and Standards

62

Calibration, Linearity, Method Detection Limits,
Accuracy, and Precision

63

On-line Monitoring Using the THM-RR System

63

Results and Discussion

64

Establishing an Automated, On-Site THMs Monitoring
Program at the Lebanon, TN, WTP

64

Calibrating Empirical Models in the Lebanon, TN, WTP

68

Evaluating the Agreement between THM-RR Measurements
and Empirical Models

71

Using Calibrated Empirical Models for Total THMs
Predictions at the Lebanon, TN, WTP
Conclusion

76
81

CHAPTER 5: CONCLUSION AND FUTURE RECOMMENDATIONS

83

Detection of Cr (VI) in Sodium Hypochlorite Solutions

83

Future Work in Sodium Hypochlorite Solutions

83

Combined HAAs and THMs Instrument

84

Future Work with the Combined HAAs and THMs Instrument

84

Calibration of Empirical Models

84

viii

Future Work with Empirical Modeling

85

REFERENCES

87

ix

List of Figures
Figure
1

Page
Schematic Diagram of the post-column analyzer used in

17

USEPA 218.6. The solid lines are liquid tubing and the dashed
lines are electronic connections. E, 250 mM ammonium
sulfate and 100 mM ammonium hydroxide eluent; GP,
gradient pump; V, 6-port injection valve; S, sample; R,
1,5 diphenylcarbazide solution; PP, peristaltic pump; AG-7,
guard column; AS-7, analytical column; MM, mixing manifold;
AD, absorbance detector; W, waste.
2

Plot of concentration of Cr (VI) versus time in 6 % FAC bleach

25

over a 24-hour period with Cr (VI) spike (10 μg L-1).
3

Plot of concentration of Cr (VI) versus time in 6 % FAC bleach

27

over a 24-hour period with Cr (III) spike (10 μg L-1).
4

Violations of Legal Limits in the United States of (2007)

32

(A) THMs and (B) HAAs.
5

(TOP LEFT) A picture of the THM Rapid Response, compressed

37

nitrogen cylinder not shown. (BOTTOM LEFT) Picture of the
CMS device. (RIGHT) THM-RR Chromatograms for a 1 µg L-1
(ppb) standard and a real-world water system.
6

Reaction of TCAA with dimethyl sulfate in aqueous solution.

42

7

THM-RR Chromatogram demonstrating simultaneous separation

42

of the HAA9 methyl esters and THM4 species. Eight of the nine

x

HAA9 species cross the silicone rubber membrane of the capillary
membrane sampling device.
8

Preliminary Schematic diagram of the simultaneous THM4-HAA9

45

Analyzer. The FIA system reacts the drinking water with DMS to
produce HAA9-methyl esters. The reacted drinking water sample
containing both THM4 and HAA9-methyl esters flows to the CMS
device where the THM4 and HAA9-methyl esters cross the silicone
rubber membrane into Valve 2 (V2) for injection on the GC-ECD.
9

Chromatogram of 10 µg L-1 THMs & 50 µg L-1 HAA methyl

48

esters with 5 min stop flow.
10

Illustration of operation of the Trihalomethanes-Rapid

61

Response (THM-RR) system used to establish the program for
automated on-line monitoring of individual and Total THMs
concentrations in Lebanon, TN water treatment plant (WTP).
11

(A) Initial Month Expanded: Typical process map and two
factor process optimization study conducted at the Lebanon,
TN WTP for optimization of powdered activated carbon (PAC)
dose and prechlorination dose; (B) The 8 month plot illustrates
the large quantity of THMs concentration data obtained after
establishing the on-line monitoring program at the Lebanon,
TN WTP, and the consistent treatment practices implemented
after 1 September 2013 to reduce THMs variability.

xi

66

12

A plot of the powdered activated carbon optimization study

66

demonstrating a decrease in Total Organic Carbon (TOC) with
increasing PAC dose and a simultaneous increase in Total THMs
concentrations.
13

A plot of Total THMs vs. time from 1 May 2013 through

70

3 January 2014 is shown. The plot includes Total THMs
concentrations measured using the THM-RR, Total THMs
concentrations calculated using the Amy Literature model
(Amy Lit.), and Total THMs concentrations calculated after
the Amy model has been calibrated (Amy Cal.).
14

Bland-Altman Plots for the Amy literature and calibrated

75

models for the period of 1 May 2013 through 3 January 2014.
(A) Amy Literature generated Total THMs concentrations vs.
THM-RR measurements; (B) Amy Calibrated generated Total
THMs concentrations vs. THM-RR measurements;
(C) Difference plot for the Amy Literature model and THM-RR
measurements of Total THMs; (D) Difference plot for the Amy
Calibrated model and THM-RR measurements of Total THMs.
15

A plot of Total THMs vs. time from 23 June 2014 through
16 December 2014 is shown where predicted Total THMs
concentrations using the Amy Literature model (Amy Lit.) and
Amy Calibrated model (Amy Cal.) are compared to the Total
THMs measurements from the THM-RR.

xii

77

16

Bland-Altman Plots for the Amy literature and calibrated models
for the period of 23 June 2014 through 16 December 2014.
(A) Amy Literature generated Total THMs concentrations vs.
THM-RR measurements; (B) Amy Calibrated generated Total
THMs concentrations vs. THM-RR measurements;
(C) Difference plot for the Amy Literature model and THM-RR
measurements of Total THMs; (D) Difference plot for the
Amy Calibrated model and THM-RR measurements of Total THMs.

xiii

80

List of Symbols and Abbreviations

+

addition

&

and

~

approximately

°C

degrees Celsius (centigrade)

°C min-1

degrees Celsius per minute

μg L-1

micrograms per liter

μm

micrometer

μmol

micromoles

μL

microliter

*

multiply

%

percent

%E

percent error

%RSD

percent relative standard deviation

±

plus or minus

√

square root

−

subtraction

∑

summation

®

registered trademark

x

times

$

United States dollars

ACS

American Chemical Society

xiv

AD

absorbance detector

AMS

Aqua Metrology Systems

ANSI

American National Standards Institute

Aug

August

AWWA

American Water Works Association

b

y-intercept

BCAA

bromochloroacetic acid

BDCAA

bromodichloroacetic acid

Br-

bromide ion

C18

octadecyl carbon chain

CA

California

Cal.

calibrated

CHBr3

bromoform

CHBrCl2

bromodichloromethane

CHBr2Cl

dibromochloromethane

CHCl3

chloroform

C.I.

confidence interval

Cl-

chloride ion

Cl2

chlorine

cm

centimeter

CMS

capillary-membrane sampling

CMS-FIA

capillary-membrane-sampling flow injection analysis

xv

CMS-GC-ECD

capillary membrane sampling-gas chromatograph-electron capture
detector

Cr (III)

trivalent chromium

CrO4-

chromate ion

Cr (VI)

hexavalent chromium

CT

Connecticut

D

chlorine dose

Da

daltons

DBAA

dibromoacetic acid

DBCAA

dibromochloroacetic acid

DBP-RR

disinfection by-product rapid response

DBPs

disinfection by-products

DCAA

dichloroacetic acid

Dec

December

DMS

dimethyl sulfate

DOC

dissolved organic carbon

e

error

ECD

electron capture detector

Eqn

equation

EWG

Environmental Working Group

FAC

free available chlorine

FIA

flow injection analysis

g

gram

xvi

GC

gas chromatograph

GC-ECD

gas chromatography-electron capture detector

GFAA

graphite furnace atomic absorption

GP

gradient pump

h

hour

HAAs

haloacetic acids

HAA5

The 5 regulated HAAs (MCAA, DCAA, TCAA, MBAA, DBAA)

HAA9

the total of all nine HAAs

HOCl

hypochlorous acid

HPLC

high performance liquid chromatography

H2SO4

sulfuric acid

HS-SPME

head-space solid phase microextraction

I-

iodide ion

I2

iodine

I3-

triiodide ion

IA

Iowa

IC

ion chromatograph

i.e.

in example

Jul

July

Jun

June

KI

potassium iodide

KIO3

potassium iodate

K

thousand

xvii

L

liter

LC

liquid chromatograph

Lit.

literature

m

meter

m

slope

M

molarity

MΩ cm

megaOhm centimeters

MA

Massachusetts

MBAA

monobromoacetic acid

MCAA

monochloroacetic acid

MCL

maximum contaminant level

MDL

method detection limit

mg

milligrams

mg L-1

milligrams per liter

min

minutes

mL

milliliter

mL min-1

milliliters per minute

mm

millimeter

mM

millimolar

MM

mixing manifold

mmol

millimoles

MO

Missouri

MTBE

methyl-tert-butyl ether

xviii

MUE

mean unsigned error

mV

microvolts

n

number of trials

N

normality

NA

not applicable

Na2CrO4

sodium chromate anhydrous

NaOCl

sodium hypochlorite

Na2S2O3

sodium thiosulfate

ng L-1

nanograms per liter

NH4OH

ammonium hydroxide

(NH4)SO4

ammonium sulfate

Ni-63

nickel 63-isotope

nm

nanometer

NOM

natural organic matter

Nov

November

NSF

National Science Foundation

OCl-

hypochlorite ion

Oct

October

PA

Pennsylvania

PAC

powdered activated carbon

PC

personal computer

PCR-IC

post-column reaction ion chromatography

PHG

public health goals

xix

PP

peristaltic pump

ppb

parts per billion

Pt

platinum

r

correlation coefficient

r2

coefficient of determination

rpm

revolutions per minute

S

sample

SD

standard deviation

Sept

September

S2O32-

thiosulfate ion

S4O62-

tetrathionate ion

SPAC

single product allowable concentration

SPME

solid phase microextraction

SUVA

specific UV absorbance at 254 nanometers

t

contact time

T

water temperature

T1

sample at time 1

T2

sample at time 2

TBAA

tribromoacetic acid

TBA-HSO4

tetrabutylammonium hydrogen sulfate

TCAA

trichloroacetic acid

THM4

the four regulated trihalomethanes (CHCl3, CHBrCl2, CHBr2Cl,
CHBr3)

xx

THM-RR

trihalomethane rapid response

THMs

trihalomethanes

TN

Tennessee

TOC

total organic carbon

TTHM4

total of the four regulated THMs

TX

Texas

USA

United States of America

USDA-SBIR

United States Department of Agriculture Small Business
Innovations Research

USEPA

United States Environmental Protection Agency

UV

ultraviolet

V

6-port injection valve

V1

6-port injection valve

V2

10-port injection valve

vs.

versus

W

waste

WEF

Water Environmental Federation

WRF

Water Research Foundation

WTP

water treatment plant

y

analytical signal

xxi

Chapter 1
Introduction
The importance of clean and safe drinking water is an essential part of life globally.
Although everyone realizes the importance of having clean and safe drinking water much of the
global population does not realizes the effort that is put into creating and maintaining the
cleanliness and drinkability of water. In the United States alone there are several organizations
such as the United States Environmental Protection Agency (USEPA), the American Water
Works Association (AWWA), the Water Research Foundation (WRF), and the Water
Environment Federation (WEF) dedicated to ensuring the quality of drinking water.
Specifically, the USEPA is responsible for setting and enforcing policies and regulations that
relate to the health and safety of public drinking water (United States Environmental Protection
Agency [USEPA], 2016a). Many of these regulations lead to the basic principles of how
drinking water is treated for consumption. Some of these basic treatment practices include:
Filtering, disinfecting, sedimentation, and polishing the water that will be consumed (USEPA,
2016b). Water is an important commodity and these treatment practices help to ensure the
quality and consistency of drinking water consumed by the public.
Although there are many precautions taken to ensure safe drinking water there still
remains many different harmful chemical compounds that exist in the water that is consumed
every day. These chemical compounds can come from a variety of different sources either from
naturally occurring sources or anthropogenic sources. For example, chromium is a naturally
occurring metal that occurs in soil and rock formations (Fantoni et al., 2002). Chromium is
commonly present in two forms, trivalent chromium (Cr (III)) and hexavalent Cr (VI)
(Branduber et al., 2004). Cr (III) is a micronutrient and does not have any known health risk
associated with concentrations found in drinking water (Brandhuber et al., 2004). Cr (VI)
1

however is carcinogenic and can cause severe health effects if ingested over a period of time
(Kimbrough, 2002). As the source waters come in contact with the Cr (VI) containing soil or
rock formations, some of the Cr (VI) will dissolve into the water which then may be used for
drinking water and distributed to the public to consume (Brandhuber et al., 2004). The USEPA
currently has a maximum contaminant level (MCL) for total chromium at 0.1 mg L-1 (USEPA,
2015). The maximum contaminant level is the maximum amount of a compound that can be
present in a substance at a given time (USEPA, 2006). These regulations are put in place to
ensure the public that their drinking water is safe to drink.
Over 900 carcinogenic compounds have been found in drinking water that arise from the
chlorination process and thus come from an anthropogenic source (Krasner et al., 2006;
Richardson & Postigo, 2012; Richardson & Ternes, 2014). Since the early 1900s much of the
United States has used chlorination as a means to disinfect drinking water against water borne
diseases (Baird & Cann, 2008). The process of chlorination has saved countless lives and has
become one of the greatest health developments in human history (McGuire, 2013).
Chlorination is inexpensive and effective at disinfecting drinking water. However, the process of
chlorination leads to the formation of disinfection by-products (DBPs) (Krasner et al., 2006;
Richardson & Postigo, 2012). DBPs are carcinogenic and are formed when free available
chlorine (FAC) reacts with natural organic matter (NOM) present in water (Baird & Cann, 2008;
Rook, 1977). These DBPs were first discovered in the mid-70s with the discovery of
trihalomethanes (THMs) (Bellar, Litchtenberg, & Kroner, 1974; Rook, 1977) in drinking water.
THMs are the most common class of DBPs found in drinking water and are non-polar, volatile
organic compounds (Emmert, Cao, Geme, Joshi, & Rahman, 2004 ). The four regulated THMs
include chloroform (CHCl3), bromodichloromethane (CHBrC12), dibromochloromethane
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(CHBr2Cl), and bromoform (CHBr3) and are commonly referred to as THM4. Due to their
carcinogenic nature the USEPA has established an MCL of 0.080 mg L-1 for the total
concentration of all four THMs (USEPA, 2006).
The second most common class of DBPs in drinking water is the haloacetic acids
(HAAs). HAAs are non-volatile and tend to be in their anionic form in drinking water (pH 7 8.5) (Paull & Barron, 2004). There are nine HAAs species regularly found in drinking water.
There are five regulated species which are monochloroacetic acid (MCAA), dichloroacetic acid
(DCAA), trichloroacetic acid (TCAA), monobromoacetic acid (MBAA), and dibromoacetic acid
(DBAA). The five regulated HAAs are commonly referred to as HAA5. There are also four
unregulated HAAs and they include bromochloroacetic acid (BCAA), bromodichloroacetic acid
(BDCAA), dibromochloroacetic acid (DBCAA), and tribromoacetic acid (TBAA). The USEPA
has established an MCL of 0.060 mg L-1 for the total concentration of HAA5 (USEPA, 2006).
These sets of compounds listed above are just a small portion of chemical compounds
that exist in drinking water today (Krasner et al., 2006; Richardson & Postigo, 2012; Richardson
& Ternes, 2014). The THMs and HAAs possess different chemical properties causing each class
of compounds to need unique approaches for analysis in drinking water (USEPA, 1995 a,b,c,d &
2003). A common technique for measuring these different chemicals is by using
chromatographic separation techniques. Chromatography allows different chemicals that may be
closely related in a mixture to be separated from each other based on their chemical properties
(Skoog, Holler, & Crouch, 2007). The guiding principles behind chromatography are that a
sample is dissolved in a mobile phase and forced through an immiscible stationary phase in
which compounds are separated based on their interaction with the stationary phase (Skoog et al.,
2007). The mobile phase can be a liquid or gas that carriers the sample through the stationary
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phase. The stationary phase is generally attached to a solid surface and is fixed in place. An
example of a stationary phase is a column. A column allows the mobile phase to travel through
the stationary phase. Depending on the compounds affinity for the stationary phase it may stay
in the column for a longer or shorter time. This is the guiding principle behind how compounds
are separated via chromatography. The two most commonly used chromatographic techniques
used are gas chromatography (GC) and liquid chromatography (LC).
GC and LC can be used to measure a number of different compounds in different types of
matrices. GC is used on volatile compounds that can be transferred into the gas phase for
analysis (typically less than 1000 Da) while LC is used for compounds that are non-volatile and
can be measured in a solution (Skoog et al., 2007). As an example, THMs readily exist in
aqueous solutions. However, these THMs are volatile so analysis by GC is done rather easily
(Emmert et al., 2004). Although HAAs are DBPs just as THMs, their non-volatile nature in
drinking water makes analysis by GC very difficult without the use of a labor intensive
extraction. This factor alone makes analysis of HAAs by LC a more viable approach (Emmert et
al., 2004).
As mentioned previously the USEPA has set many regulations on several different
compounds in drinking water alone. Over the years the USEPA has also produced several
compliance monitoring methods on which to measure these different compounds. For example,
Cr (VI) concentrations in drinking water are determined by USEPA method 218.6 (USEPA,
1994). USEPA method 218.6 uses anion exchange ion chromatography (IC) to separate Cr (VI)
from other compounds in a drinking water sample. This IC technique is followed by a postcolumn reaction with 1,5 diphenylcarbazide to produce a colored complex that is then detected
by an absorbance detector (USEPA, 1994).
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Like Cr (VI), THMs and HAAs both have USEPA compliance monitoring methods to
detect their concentrations in drinking water. The USEPA currently has three different
compliance monitoring methods for THM4. These methods include USEPA methods 502.2,
524.2, and 551.1 (USEPA, 1995a, 1995b, 1995c). All three of these methods use GC with the
difference in the methods being in sample handling and detection. USEPA 502.2 uses purge and
trap GC with a photoionization detector connected in series with an electrolytic conductivity
detector (USEPA, 1995a). USEPA 524.2 uses purge and trap GC with a mass spectrometer
(USEPA, 1995b). USEPA 551.1 uses a liquid-liquid extraction and GC with an electron capture
detector (USEPA, 1995c).
The USEPA also has two commonly used compliance monitoring methods for
monitoring HAA5. These methods include USEPA 552.2 and 552.3. Both of these methods
include a manual preconcentration and derivatization step followed by GC separation and
detection by an electron capture detector (USEPA, 1995d, 2003).
Although these USEPA methods produce low method detection limits and work well for
compliance monitoring, many water treatment plants (WTPs) cannot afford to hire the skilled
operators to perform the highly technical analyses nor can they afford to maintain such expensive
instrumentation. With these challenges many WTPs have to send compliance samples to
contract laboratories. Results may take weeks to receive due to the demand and time consuming
nature of these analyses. This makes adjusting the treatment processes difficult for WTP
operators because the conditions of the water can change over this amount of time. As an
example, it is known that THMs concentration can vary from hour to hour based on the
conditions of the water (Brown, Simone, York, & Emmert, 2015). If a heavy rainfall occurs,
excess organic matter can be added to the source water due to runoff (Brown et al., 2015). This
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excess organic matter is essential for DBP formation and can cause THM and HAA
concentrations to increase dramatically (Rook, 1977). If WTP operators have to rely on results
from contract laboratories, then adjustments that need to be made at the WTP to combat this
excess organic matter in the treatment system could be missed.
In an effort to stay in compliance with these regulations, many WTPs employ the use of
empirical models in an effort to predict formation potential of these regulated compounds. There
are many different empirical models that exist today that have been in use by WTP operator and
engineers for a number of years. For example, empirical models that are used to model THMs
formation have been around since the early 1980s (Minear & Morrow, 1983). These empirical
models for THMs formation work by using different water treatment parameters such as pH,
total organic carbon (TOC), water temperature, chlorine dosage, and a variety of other different
water quality parameters to empirically calculate a possible THMs concentration in drinking
water (Amy, Chadik, & Chowdhury, 1987). Since the early 1980s hundreds of these models
have been built just to predict DBPs formation alone and are still used readily today
(Chowdhury, Champagne, & McLellan, 2009). These models are very useful for WTPs however
the accuracy of the model can vary from WTP to WTP, making a universal model almost
impossible.
Over the last decade there has been much work on developing alternative methods to
detect or predict both THMs and HAAs concentrations in drinking water. WTPs want the option
to be able to know the concentration of these compounds rapidly so that adjustments can be
made to correct any issues that may occur in a timely fashion. These WTPs also want these
instruments to work without the assistant of an operator. For these reasons real time onlinemonitoring is becoming a popular choice among these WTP operators.
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To meet the demands of these WTPs many companies have developed more user friendly
commercially available instruments that are less expensive for these WTPs to own and operate
(Aqua Metrology Systems [AMS], 2012; Brown et al., 2015; Emmert & Brown, 2012; Lord,
2010; Multisensor Systems, 2012; Parker Hannifin, 2015). One of these instruments is the THMRapid Response (THM-RR) unit (Brown et al., 2015). The THM-RR is a simple automated
GC/ECD that monitors all four of the regulated THMs (Brown et al., 2015). This instrument
allows WTPs to monitor their THMs concentration on an hourly basis with minimal use of an
operator. However, not only has this instrument been used to determine THM concentrations,
but it has also been used to guide the dosage of certain treatment chemicals for a more efficient
WTP operation (Brown et al., 2015). For example, real time online-monitoring gives WTPs the
opportunity to see trends within their WTP that may not have been possible to see with a
standard grab sample method such as the USEPA compliance methods. This is due to the high
throughput an online instrument can accomplish over an instrument that needs human
supervision. With the ability to look at trends in concentration over time of a certain compound,
the WTP now has the capability to look at the effects treatment practices may have on the
formation of a target chemical. This allows for the ability to control the amount of chemicals the
WTP uses on a daily basis as well as other treatment practices (Brown et al., 2015).
With the growth of technology over the years, science has provided the tools to look at
some serious concerns and questions that can affect our environment as a whole. This
progression in technology can help solve problems that up until this point have been unsolved
such as, how certain chemicals are getting into the drinking water? It can also make the jobs of
many people easier by providing them the tools to correct certain issues that have persisted for
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years. In the following chapters it will be shown how some of these advances in technology
have been used to make drinking water safer for the global community.
The growing concern about the increasing number of occurrences of Cr (VI) leads to a
discussion about the sources of Cr (VI). In chapter 2 an alternative source of Cr (VI) is
discussed and evaluated. The main source of Cr (VI) input into a water system seems to come
from two places. Either it exists in the source water from natural sources or improper industrial
waste disposal that WTPs use to generate drinking water, or it leeches into the water of the plant
through the concrete that is used in many of the reservoirs of the WTPs. However, there is
another possible source that no one has explored and it raises the question “Is the Cr (VI)
possibly coming from the sodium hypochlorite that is used to disinfect the drinking water?”
There will always be a need for improved instrumentation because of the constant
improvements in technology and a demand for WTPs to monitor more and more compounds. In
chapter 3 an alternative method for the detection of both THMs and HAAs is proposed. This
method would allow for the simultaneous measurement of both THMs and HAAs via GC with
ECD detection and would eliminate the process of measuring both classes of compounds
individually.
Although technology is constantly improving and new ways of measuring these
compounds are becoming more readily available it is still important to improve on techniques
that have been used for years. In chapter 4, new and improved methods of using empirical
modeling will be discussed. This new method should revolutionize the method in which THM
models are built. Models from the literature will be calibrated to a THM-RR in a way that will
allow each individual WTP to have a custom model to fit their systems’ needs.
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Chapter 2
Analysis of Cr (VI) in Hypochlorite Solutions Used for Drinking Water Disinfection
Introduction
The presence of hexavalent chromium (Cr (VI)) in drinking water has drawn much
attention over recent years and is a carcinogen when it is ingested (Kimbrough, 2002; Machle &
Gregorious, 1942; USEPA, 1998b; Vincent, 2000). Cr (VI) is currently regulated under the
USEPA as total chromium with a maximum contaminant level (MCL) of 0.1 mg L-1 which
includes both Cr (III) and Cr (VI) (USEPA, 2015). Cr (VI) is typically present in drinking water
in the chromate ion form (CrO42-). National Science Foundation International with the American
National Standards Institute (ANSI) have adopted Standard 60 which addresses contaminants
present in chemicals used for the treatment of drinking water (National Science Foundation
International [NSF] & American National Standards Institute [ANSI], 2005). Standard 60
defines the “single product allowable concentration” (SPAC) based on a maximum dosage of the
treatment chemical. Chemical species with promulgated MCLs have a SPAC that is 10% of the
MCL (one significant digit) (NSF & ANSI, 2005). Thus, the SPAC for Cr (VI) is 0.01 mg L-1.
Chromium speciation depends primarily upon the pH and oxidizing potential of the
solution (Brandhuber et al., 2004). In drinking water, the pH typically ranges between 7 – 8.5,
and regulated to be between 6.5 – 8.5. Cr (III) species generally exist at pH levels below 5
(Brandhuber et al., 2004). Thus, the USEPA assumes that all chromium present in drinking water
would be present as Cr (VI) (USEPA, 2015). To combat the growing concerns of Cr (VI) other
non-enforceable Public Health Goals (PHG) have been put into place. In July 2011, the State of
California issued a PHG for both total chromium and hexavalent chromium to be 0.05 mg L-1
and 0.02 μg L-1 respectively (California Environmental Protection Agency, 2011). Although
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these PHG are not enforceable they were established to minimize the presence of Cr (VI) in
drinking water throughout the population.
Research efforts have focused on sources (Water Research Foundation [WRF] 4414,
2012a), guidelines (WRF 4418, 2012b), analytical methods (WRF 4404, 2011), treatment
options (WRF 4404, 2011) and health effects of Cr (VI) (McNeill, McLean, Edwards, & Parks,
2011) and demonstrating the presence of Cr (VI) in public drinking water (WRF 4414, 2012a).
The growing concern of Cr (VI) in public drinking water has led the Water Research Foundation
to devote several projects to the detection and removal of Cr (VI) in water treatment systems.
WRF Project 4418 (WRF 4418, 2012b) proposed guidelines that would aid regulators and
utilities in determining the overall costs of Cr (VI) treatment. WRF Project 4414 (WRF 4414,
2012a) focused on analyzing the occurrence data of Cr (VI) that was provided from WRF,
USEPA and CA Department of Public Health. McNeill et al. (2011) summarized the state of the
knowledge of total and Cr (VI). WRF Project 4404 (WRF 4404, 2011) evaluated trace levels of
Cr (VI) occurrence in drinking water and throughout the treatment process. This project
specifically focuses on sources, analytical methods, treatment options, health effects and state
and federal drinking water regulations. It also provides a thorough assessment of analytical
methods for Cr (VI) sample preservation, potential interferences and propagation of errors. These
projects along with several others serve to show the urgency and importance of this growing
problem in the drinking water community.
USEPA regulations attribute Cr (VI) introduction to the source water through natural and
industrial processes (Fantoni et al., 2002; U.S. Public Health Service, 1953), contributions from
the source water itself (Bourotte, Bertolo, Almodovar, & Hirata, 2009), or the introduction of
trace levels via leeching from the concrete of the water treatment plants (WTP) (Guo, 1997; Hills
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& Johansen, 2007; Webster & Loehr, 1996). Imanaka and Hayashi (2013) determined that the
addition of chlorination or ozonation in the treatment process can oxidize Cr (III) to Cr (VI).
Hostynek and Maiback (1998) consumer-grade sodium hypochlorite (bleach) solutions for the
presence of chromium and found that two of twenty bleaches (10%) had chromium ions present
at concentrations of 0.1 mg L-1. The Hostynek and Maibach (1988) study suggests that a source
for Cr (VI) could include industrial grade sodium hypochlorite used for disinfection of drinking
water.
Throughout the United States about one third of WTP use bulk sodium hypochlorite
solutions as a chlorination disinfectant of drinking water (Synder, Stanford, Pisarenko, Gordon,
& Asami, 2009), with the remaining WTP using largely chlorine gas. However, WTPs are
trending towards use of bulk sodium hypochlorite solutions due to security concerns and costs of
maintaining on-site chlorine gas storage. The presence of Cr (VI) in industrial-grade bleach
could be problematic for drinking water treatment plants. Methods for removing Cr (VI) from
drinking water focus on removal before the chlorination process occurs (Besselievre, 1969).
These removal processes include filtering Cr (VI) from the source water by the use of strong
base anion exchange resins or by converting Cr (VI) into Cr (III) and using a coagulation process
to remove Cr (III) (Besselievre, 1969). These processes typically are done at the beginning of
the treatment process and would occur before chlorination occurs. If Cr (VI) is present in the
bulk hypochlorite solution, it would be introduced into the drinking water without a chance for
removal.
In the research presented here, a comprehensive analysis of 19 different water utilities
bulk hypochlorite solutions are performed to determine if Cr (VI) is present using USEPA
method 218.6. Spiking studies were conducted to evaluate the presence of potential matrix
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effects in the bulk sodium hypochlorite solutions. Finally, the chemistry of Cr (III) and Cr (VI)
speciation and stability in the bulk hypochlorite solutions were also examined using USEPA
218.6 and graphite furnace atomic absorption. These studies were done to determine how
chromium species in the bulk sodium hypochlorite solutions could contribute to the
concentrations of Cr (VI) in drinking water.
Experimental
Reagents, Chemicals, and Standards. All reagents and standards were prepared in
reagent grade water with a resistivity of at least 18.2 MΩ·cm and total organic carbon (TOC)
concentrations of ≤ 10 µg L–1, produced by a Barnstead E-pure four cartridge system, purchased
from Thermo Scientific (Waltham, MA, USA). All chemicals used during the study were reagent
grade, HPLC grade, ACS Certified grade or better when available. The purities of standards and
reagents were 97 % or higher. Sodium thiosulfate (Na2S2O3), potassium iodate (KIO3),
concentrated sulfuric acid (H2SO4), potassium iodide (KI), ammonium sulfate [(NH4)2SO4],
concentrated ammonium hydroxide (NH4OH), 1,5-diphenylcarbazide, methanol, Cr (III)
standard and sodium chromate anhydrous (Na2CrO4) were all purchased from Fisher Scientific
(Waltham, MA, USA).
Sampling of Bulk Hypochlorite Solution. The bulk hypochlorite solutions analyzed in
this study were collected from the storage tank being actively used by the utility. The bulk
hypochlorite solutions were collected in high density polyethylene brown bottles that are
chlorine demand free, and then stored during transport back to the University of Memphis at
0 °C. Upon arrival at The University of Memphis, the bulk hypochlorite solutions were stored at
4 °C in a laboratory refrigerator. Analysis for hexavalent chromium was typically done within
~24 – 48 hours after arrival at The University of Memphis.
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Analysis of Total Chlorine by Iodometry. When hypochlorite solution is added into the
water, it dissociates and establishes an acid-base equilibrium between hypochlorous acid (HOCl)
and hypochlorite ion (OCl-) (Eqn 1) (Greenberg et al. 1992). At 25 ºC, the ionization constant for
the acid-base equilibrium of HOCl and OCl− is 7.538 (Gordon, Cooper, Rice, & Pacey, 1992).
The pH of drinking water typically ranges between 7 and 8.5, thus the FAC species are present
as HOCl and OCl−. At the pH of the bulk hypochlorite solutions (pH 11-13), hypochlorite ion is
the predominant species. The concentration of FAC species in solution is commonly measured
using iodometry (Greenberg et al., 1992), and in this work, potentiometric measurement of the
titration endpoint is used.
𝐻𝑂𝐶𝑙 + 𝐻2 𝑂 ⇄ 𝑂𝐶𝑙 − + 𝐻3 𝑂+

(1)

Reagents, Standards, and Sampling. Standard sodium thiosulfate (Na2S2O3) was
prepared by dissolving ~30.00 g of Na2S2O3 in 1.0 L of freshly boiled reagent grade water. The
standard was stored for at least 2 weeks prior to use. A 0.1 N potassium iodate (KIO3) standard
solution was prepared by dissolving ~3.567 g of KIO3 that has been dried at 103 ± 2 ˚C for an
hour in reagent grade water and diluting to 1.00 L. The two reagents used in the titration were
0.2 M sulfuric acid (H2SO4) and granular potassium iodide (KI). The titrant, ~0.1 N Na2S2O3,
was made at an approximate concentration and standardized with KIO3 standard solution prior to
use. The standardization procedure included the following steps: 1.00 g of granular KI was added
to 80.0 mL reagent grade water with adequate stirring, once the mixture was mixed thoroughly,
5.0 mL of 0.2 M H2SO4 was added followed by 5.00 mL of 0.1 N KIO3. The mixture was then
titrated with Na2S2O3.
For each site, the bulk hypochlorite solution was diluted by pipetting 10.00 mL of bulk
hypochlorite solution into a 250.00 mL volumetric flask and diluted with reagent-grade water.
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Each hypochlorite solution dilution was titrated 5 times. The titration procedure is the same as
the standardization procedure, but the 5.00 mL 0.1 N KIO3 was substituted by 3.00 mL of diluted
hypochlorite solution.
Instrumentation. The standard method 4500-Cl B (Greenberg et al., 1992) was modified
slightly in this project. A Radiometer VIT 90 video titrator (Copenhagen, Denmark) with a M231
Pt-9 Platinum electrode and calomel REF-421 electrode pair (Hach, Loveland, CO, USA) was
employed to carry out the titration. The titration was carried out using a potentiometric
determination of the end point where the delivery of the titrant, Na2S2O3, stops (titration stops)
when the titration curve has reached its inflection point. In the FAC titration, iodide ion (I−) is
added to an acidified hypochlorite ion solution which results in the I- being oxidized to iodine
(I2) (Greenberg et al., 1992) (Eq 2). Iodine then reacts with iodide ion to form the triiodine ion
(I3−) which is pale yellow in dilute solution and a red-brown color in more concentrated solutions
(Harris, 2006) (Eqn 3). When the titration begins, I2 oxidizes thiosulfate ion (S2O32−) to form
tetrathionate ion (S4O62−) and I-. As the titration proceeds, the red-brown color of the I3- becomes
pale yellow (Harris, 2006).
𝐶𝑙2 + 2 𝐼 − → 𝐼2 + 2 𝐶𝑙 −

(2)

𝐼2 + 𝐼 − → 𝐼3−

(3)

𝐼2 + 2 𝑆2 𝑂32− → 𝑆4 𝑂62− + 2 𝐼 −

(4)

Eventually, when all the I2 is reduced to I− (Eq 4), the solution becomes colorless (Harris,
2006). Since it is difficult to see when the pale yellow color becomes colorless, using the
potentiometric determination of the end point with the video titrator provides more accurate
results. At the end of a titration, the volume of titrant (Na2S2O3) used is displayed on the screen
of the video titrator, and the number is used to calculate the concentration of FAC.

14

Calibration and Sample Analysis. The Na2S2O3 standard was standardized each time
prior to use with ~0.1 N KIO3 to determine the most accurate concentration. The concentration
of Na2S2O3 and the amount used in the titration was used to calculate the concentration of free
available chlorine in the diluted hypochlorite solution. Standard deviation of the FAC
concentration was calculated from the 5 titration trials.
Calculations and Error Analysis. The concentration of the Na2S2O3 from an individual
titration was calculated (Eq 5) using the volume and molarity of KIO3, and the molar ratio and
volume of Na2S2O3. An average concentration of the Na2S2O3 titrant (Eq 6) was then calculated
from the five standardization trials.
[𝑁𝑎2 𝑆2 𝑂3 ], (𝑀) =

[(𝑚𝐿 𝑜𝑓 𝐾𝐼𝑂3 )∗(𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝐾𝐼𝑂3 )∗6]

(5)

𝑚𝐿 𝑜𝑓 𝑁𝑎2 𝑆2 03

[𝑁𝑎2 𝑆2 𝑂3 ]𝑎𝑣𝑒𝑟𝑎𝑔𝑒 , (𝑀) =

𝛴 [𝑁𝑎2 𝑆2 𝑂3 ]

(6)

𝑛

The concentration of FAC (M) in a diluted hypochlorite solution, was calculated using
the volume of Na2S2O3, the average molarity of Na2S2O3 and the volume of the diluted
hypochlorite solution (Eq 7), converted into mg L-1 concentration (Eqn 8), and an average FAC
concentration determined (Eq 9).
[𝐹𝐴𝐶]𝑁𝑎𝑂𝐶𝑙 , (𝑀) = [

[(𝑚𝐿 𝑜𝑓 𝑁𝑎2 𝑆2 03 )∗(𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑁𝑎2 𝑆2 03 )∗0.5]
𝑚𝐿 𝑜𝑓 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑁𝑎𝑂𝐶𝑙

] ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

[𝐹𝐴𝐶]𝑁𝑎𝑂𝐶𝑙 , (𝑚𝑔 𝐿−1 ) = [𝐹𝐴𝐶] ∗ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐ℎ𝑙𝑜𝑟𝑖𝑛𝑒 (𝑚𝑔 𝑚𝑜𝑙 −1 )
[𝐹𝐴𝐶]𝑁𝑎𝑂𝐶𝑙 (𝑎𝑣𝑒𝑟𝑎𝑔𝑒) , (𝑚𝑔 𝐿−1 ) =

𝛴 [𝐹𝐴𝐶]𝑁𝑎𝑂𝐶𝑙

(7)
(8)
(9)

𝑛

Since each replicate analysis includes any error of sample delivery, titrant delivery, and
error on the potentiometric endpoint determination, the propagated error of analysis is
determined by calculating the standard deviation of the replicate FAC titrations and the error is
reported in mg L-1 (Eq 10).
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𝐸[𝐹𝐴𝐶] 𝑁𝑎𝑂𝐶𝑙 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛

(10)

Analysis of Cr (VI) by USEPA Method 218.6. USEPA Method 218.6 is the standard
method for Cr (VI) analysis in drinking water, groundwater, and industrial wastewater effluents.
USEPA 218.6 uses ion chromatography to first separate Cr (VI) from the sample matrix
followed by post-column reaction with 1,5-diphenylcarbazide to form a colored complex with
visible absorbance detection at 530 nm (USEPA, 1994). Here, the method was adapted for
analysis and quantification of dissolved Cr (VI) in bulk sodium hypochlorite solutions.
Reagents, Standards, and Sampling. The eluent for the high pressure ion
chromatography pump was prepared by dissolving 33.0 g of ammonium sulfate in 500 mL of
reagent water followed by adding 6.5 mL of concentrated ammonium hydroxide to the solution.
The solution was then diluted with reagent water to 1.00 L. The post-column reagent was made
by dissolving 0.5 g of 1,5-diphenylcarbazide in 100.00 mL of HPLC grade methanol. The
solution was then added to 500 mL of reagent water that contained 28.0 mL of concentrated
sulfuric acid, and subsequently diluted to 1.00 L. The diluting solution for the samples was pH 9
– 9.5 ammonia buffer prepared by dissolving 33.0 g of ammonium sulfate and 13 mL of
ammonium hydroxide in 75 mL of reagent water and filled to 100.00 mL in a volumetric flask. A
1000 mg L-1 Cr (VI) stock standard was prepared by dissolving 0.4501g of sodium chromate
anhydrous (Na2CrO4) in reagent water and diluting to 100.00 mL. A 1.0 mg L-1 Cr (VI) working
standard was prepared by performing a 1 to 1000 dilution of the stock standard. The calibration
standards were prepared by appropriately diluting aliquots of the working standard in 100.00 mL
volumetric flasks. Hypochlorite samples were prepared by diluting the bulk hypochlorite solution
to 200 mg L-1 using reagent water and 2.0 mL of the ammonia buffer with a final volume of
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100.00 mL. The dilution factor was determined by analyzing the bulk hypochlorite solutions
with iodometry to determine the FAC concentration and calculating the dilution factor.
Instrumentation. A Dionex AGP-1 (Sunnyvale, CA, USA) gradient pump was used in
isocratic mode at a constant flow rate of 1.3 mL min-1. The eluent was 250 mM ammonium
sulfate and 100 mM ammonium hydroxide. The separation of the Cr (VI) analyte used a Dionex
Ion Pac AG-7 guard column (4 x 50 mm) and Dionex Ion Pac AS-7 analytical column (4 x 250
mm) (Sunnyvale, CA, USA). Samples were flowed to a 6-port, multi-position injection valve
(VICI, Houston, TX, USA) fitted with a 100 μL sample injection loop and filled via peristaltic
pump (Watson Marlow, Wilmington, MA, USA). The effluent of the analytical column was
mixed with the 1,5-diphenylcarbazide solution flowing at 0.5 mL min-1, where Cr (VI) was
reacted with 1,5-diphenylcarbazide. This reaction formed a colored complex that strongly
absorbed light at 530 nm. The colored complex was detected by a Dionex AD20 absorbance
detector (Sunnyvale, CA, USA), with the signal versus time data collected via SRI’s Peaksimple
Chromatography Data System (Model 333) (SRI Instruments, Torrance, CA, USA). The total
analysis time for Cr (VI) was 8 minutes.

Laptop
Computer
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E

GP

R

PP

V

AG-7

AS-7
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AD

W

Figure 1. Schematic Diagram of the post-column analyzer used in USEPA 218.6. The solid lines
are liquid tubing and the dashed lines are electronic connections. E, 250 mM ammonium sulfate
and 100 mM ammonium hydroxide eluent; GP, gradient pump; V, 6-port injection valve; S,
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sample; R, 1,5 diphenylcarbazide solution; PP, peristaltic pump; AG-7, guard column; AS-7,
analytical column; MM, mixing manifold; AD, absorbance detector; W, waste.
Calculations and Error Analysis. The colored complex between Cr (VI) and 1,5diphenylcarbazide produces a linear response of absorption with increasing Cr (VI)
concentration. Linear regression is used to determine a slope and y-intercept (Eqn 11). In this
linear fit, the analytical signal is inputted as “y”, and thus determine the concentration by solving
for “x” (Eqn 12).
𝑦 = 𝑚𝑥 + 𝑏
𝑥=

(11)

𝑦−𝑏

(12)

𝑚

In linear calibration, the errors on “x” are propagated through the subtraction “y−b”
operation and subsequent division by “m.” This results in two different error propagation
operations that must be combined using the order of operations. The first propagation (y−b) uses
the addition-subtraction uncertainty (Eq 13) which calculates the square root of the sum of the
squares of the absolute errors (Harris, 2006). This is followed by propagation on the (y−b)/m
operation which uses the calculation of percent relative uncertainty in multiplication and
division. This is done by calculating the square root of the sum of the squares of the percent
relative errors (Harris, 2006) (Eq 14).
𝑒4 = √𝑒12 + 𝑒22 + 𝑒32

(13)

%𝑒4 = √%𝑒12 + %𝑒22 + %𝑒32

(14)

These two operations are combined (Eqn15) to determine the percent relative error of the
calculated Cr (VI) concentration. The absolute error on the Cr (VI) concentration is then
determined by multiplying the percent relative error by the measured concentrations of Cr (VI) in
the hypochlorite solution (Eq 16) and a subsequent propagation of the error on an average (Eqn
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17). The propagated error for all hypochlorite solution analysis ranged between 1.0 and 1.3 µg L1

.
2

2

√(𝐸𝑦 ) +(𝐸𝑏 )2

%𝐸𝐶𝑟(𝑉𝐼) = √[(

𝐸𝐶𝑟(𝑉𝐼) =

%𝐸𝐶𝑟(𝑉𝐼)
100

𝑌−𝑏

𝐸

) ∗ 100] + ( 𝑚𝑚 ∗ 100)

2

∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑟(𝑉𝐼)𝑖𝑛 200 𝑚𝑔 𝐿−1 𝑁𝑎𝑂𝐶𝑙

𝐸𝐶𝑟(𝑉𝐼) 𝑜𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 4 𝑡𝑟𝑖𝑎𝑙𝑠 =

√(𝐸𝑥 #1)2 +(𝐸𝑥 #2)2 + (𝐸𝑥 #3)2 +(𝐸𝑥 #4)2
√(4)

(15)

(16)
(17)

Analysis of Total Chromium by Graphite Furnace Atomic Absorption. Graphite
Furnace Atomic Absorption (GFAA) was used to quantify the amount of dissolved total
chromium present in the bulk sodium hypochlorite solutions. This approach used a reproducible
volume of sample that is introduced into a graphite tube via an auto sampler. In the graphite tube,
the sample is evaporated, ashed, and then atomized and producing an atomic vapor for an
absorption measurement (Skoog et al., 2007) in the UV region at 358 nm.
Instrumentation. The analysis of total chromium was performed by a SpectrAA 220z
GFAA spectrometer (Varian, Palo Alto, CA, USA). A hollow cathode chromium lamp was used
as a light source for this experiment (Varian, Palo Alto, CA, USA). The graphite furnace atomic
absorption spectrometer was also fit with an auto sampler (Varian, Palo Alto, CA USA).
Samples were drawn into the syringe of the auto sampler and were injected into the graphite
tube. The sample was then atomized in the graphite tube and the analytical signal was processed
in Spectra Zeeman data program.
Reagents, Standards, and Sampling. All total chromium working and calibration
standards were prepared from a 1000 mg L-1 stock standard of chromium (EMD Millipore,
Billerica, MA, USA). A 10 μg L-1 total chromium working standard was prepared by diluting 1.0
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μL of the 1000 mg L-1 stock standard into a 100.00 mL volumetric flask using reagent water. The
instrument autosampler (Varian, Palo Alto, CA USA) then diluted the working standard
appropriately to prepared calibration standards of 1, 3, 5, 7, and 10 µg L-1. A 2% nitric acid rinse
solution used by the autosampler was prepared by adding 20 mL on concentrated nitric acid into
a 1000.00 mL volumetric flask and diluting with reagent water.
Results and Discussion
Prior to analysis of hexavalent chromium in the bulk sodium hypochlorite samples,
method detection limit (MDL), accuracy and precision studies were performed for the USEPA
218.6 instrumentation. In a typical “MDL study”, five calibration standards are analyzed
followed by seven consecutive analyses of a check standard that is half-way between the two
lowest calibration points. The slope and y-intercept of the linear regression line from the
calibration standards is used to determine the experimental concentration of each check standard
analysis. The MDL is calculated by multiplying the standard deviation of the check standard
concentration by the associated t-value at the 98% C.I. (t-value is 3.143 for seven samples). The
mean percent (%) recovery of the check standards is used to estimate the accuracy of the
analysis. The % relative standard deviation (%RSD) of the check standard concentration is used
to estimate the precision of the analysis.
The analysis of Cr (VI) was conducted as part of a broader chemical survey of bulk
sodium hypochlorite solutions. In this broader survey, a total of 19 bulk sodium hypochlorite
solutions were analyzed for Cr (VI), trihalomethanes and haloacetic acids. The average
concentration of FAC in all 19 bulk hypochlorite solutions measured was 115,195 ± 252 mg L-1
ranging from 8,249 to 149,092 mg L-1. However, this average ignores there are 3 distinct types of
bulk hypochlorite solutions analyzed in this survey: delivered, diluted and generated. Of the 19
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bulk hypochlorite solutions, 16 were delivered and undiluted; the average concentration of these
bulk hypochlorite solutions was 132,014 ± 280 mg L-1 with a range of 97,695 to 149,092 mg L-1.
The range of concentration present in the survey is an indication of a variety of bulk hypochlorite
solution ages. Four of the bulk hypochlorite solutions were below 120,000 mg L-1 FAC at the
time of collection, one of which were below 100,000 mg L-1 indicating that the bulk hypochlorite
solutions had aged considerably (Gordon, Adam, & Bubnis, 1995; Snyder et al., 2009).
There were two utilities which used on-site generation of the bulk hypochlorite solution.
At both utilities, the on-site generators used high purity salt mixed with softened drinking water
(carbon and cation-exchange filters). The hypochlorite ion was then electrolytically generated
with hydrogen gas produced as a by-product. In all cases, the bulk hypochlorite solution is
generated on a daily basis for use at the treatment plant and added directly into a storage tank
containing previously generated bulk hypochlorite solution. The bulk hypochlorite solution is
generated at ~0.8 % FAC (~8,000 mg L-1) and the volume of a storage tank is used in about one
day. The two generated bulk hypochlorite solutions had an average FAC concentration of 8,313
± 81 mg L-1 with a range of 8,249 to 8,376 mg L-1. The generated bulk hypochlorite solutions
presented an opportunity to survey “young” bulk hypochlorite solutions, since they were
generated and collected at the time of the site visit by the researchers.
An Arkansas utility was the only utility that diluted their bulk hypochlorite solution in
order to reduce chlorate, bromate and chlorate ion as recommended (Gordon et al., 1995; Snyder,
2009; Stanford, Pisarenko, Snyder, & Gordon, 2011) and the utility does not combine new bulk
hypochlorite solution with old bulk hypochlorite solution. The Arkansas utility took delivery of
bulk hypochlorite solution and immediately diluted with the finished drinking water. During the
dilution process, the bulk hypochlorite solution was placed in a temporary storage tank followed
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by dilution and storage in one of three pairs of storage tanks which are emptied prior to storage
of new bulk hypochlorite solution. The bulk hypochlorite solution sample collected at this utility
had a concentration of 59,850 ± 153 mg L-1 (which is propagated error).
As discussed in section 1, the SPAC for Cr (VI) is 10% of the MCL, or 0.01 mg L-1. The
SPAC guidelines of Standard 60 (NSF/ANSI, 2005) assume the maximum dosage of FAC at a
drinking water treatment plant is 10 mg L-1. If the average concentrations of the delivered bulk
hypochlorite solution, the generated hypochlorite solution, and diluted hypochlorite solution are
each used, then the average dilution factors to achieve the maximum dose of 10 mg L-1 are
13,201 for delivered, 831 for generated, and 5,985 for the diluted. After dilution factors are taken
into account, the concentration of Cr (VI) concentration cannot exceed 132 mg L-1 for the bulk
sodium hypochlorite solution that is delivered, 8 mg L-1 for the generated, and 60 mg L-1 for the
diluted in order to not exceed the Standard 60 SPAC.
Analysis of Cr (VI) by USEPA Method 218.6. A total of 19 bulk sodium hypochlorite
solutions were analyzed for Cr (VI) including 17 delivered solutions and two on-site generated
solutions from seven states: Arkansas, Missouri, New Jersey, New York, Oklahoma, Tennessee,
and Texas.
The USEPA 218.6 analyzer was calibrated using Cr (VI) standards of 1, 2, 4, 7, and 10
µg L-1. The absorption of light by the colored complex follows the Beer-Lambert absorbance
law, thus the calibration data is fit with a linear regression trendline to generate the calibration
curve. The check standard was analyzed at 3.0 μg L-1. The USEPA MDLs (USEPA, 1996a) of
the USEPA 218.6 analyzer ranged from 0.2 to 0.9 µg L-1 over the course of the study. The
traditional MDL (Brown & Emmert, 2006) was 0.88 µg L-1 and the error of propagation MDL
(Brown & Emmert, 2006; Harris, 2006) was 0.1 µg L-1. These MDLs allowed detection of Cr
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(VI) at the µg L-1 level and concentrations that would be relevant in the distribution system. The
accuracy and precision (USEPA, 1996b) were calculated using the USEPA recommended
protocol. The mean percent recovery was 119 % and the % RSD was 8.2 %. The r2 for Cr (VI)
calibration curve was 0.999 over the concentration range of 1–10 µg L-1.
The detection limit for an undiluted bulk hypochlorite solution can be determined by
multiplying the MDL for an analyte species by the dilution factor needed to analyze the
hypochlorite solution. Of the 19 hypochlorite solutions analyzed, 17 were delivered to the
treatment plant and the average dilution factor for analysis of these delivered solutions was 636 ±
73, ranging from 477 to 716. The detection limits for the undiluted bulk hypochlorite solution
averaged 342 ± 204 µg L-1, ranging from 105 to 612 µg L-1. Additionally, two generated bulk
hypochlorite solutions were analyzed. The dilution factor for both generated bulk hypochlorite
solutions was 33 and the detection limit for Cr (VI) in the undiluted bulk hypochlorite solutions
were 30 µg L-1 and 9 µg L-1.
Each bulk hypochlorite solution was analyzed by iodometry to determine the FAC
concentration, appropriately diluted to 200 mg L-1 FAC, and then analyzed by USEPA 218.6 for
Cr (VI). Cr (VI) was not detected above the MDL in any sample of the bulk hypochlorite
solutions analyzed. The MDL values presented here are well within the concentration ranges
necessary to determine hexavalent chromium in the bulk hypochlorite solutions at concentrations
relevant to both the USEPA MCL and NSF/ANSI Standard 60 SPAC. These results indicate that
it is unlikely for the bulk sodium hypochlorite solutions to be a source for Cr (VI). However,
further analysis of the stability of Cr (VI) in the bulk sodium hypochlorite solutions is warranted
to determine its chemistry if it were present and rule out potential interferences.
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Analysis of the Stability of Cr (VI) in Bleach. Matrix effects and interferences from
high ionic strength solutions in ion exchange chromatography are common because the number
of ion exchange sites are finite in the column. In addition, the absence of Cr (VI) in all of the
bulk hypochlorite solutions analyzed raises the question of whether Cr (VI) is stable in the
chemical environment of the hypochlorite solutions. To investigate the stability and matrix effect
possibilities, a spike study was conducted by analyzing 200 mg L-1 FAC samples that were
spiked with 10 µg L-1 Cr (VI). A commercial grade bleach (6.1 % FAC, 61,226 mg L-1) was
spiked to a concentration of 10.0 mg L-1 of Cr (VI) and diluted by a factor of 1,000 for each
analysis to a concentration of 10.0 µg L-1 Cr (VI). An initial analysis was conducted immediately
after the spike solution was prepared, followed by additional analyses for Cr (VI) every hour for
the first 6 hours, and then at 19, 24, 216 and 1,656 hours. This corresponds to eight analyses over
the first 24 hours, followed by two additional analyses at 9 days and 69 days. During this
analysis period, the spike solution was stored at room temperature in the dark, to replicate the
storage of a bulk hypochlorite solution at a utility.
Figure 2 presents the analysis results over the first 24 hours of the Cr (VI) in bleach
solution. The error bars in Figure 2 are the propagated error from the dilution and USEPA 218.6.
The concentration of Cr (VI) in the initial analysis was 8.4 ± 1.0 μg L-1, a percent recovery of 84
%. Over the initial 24-hour period, the concentration ranged between 7.0 ± 1.0 μg L-1 Cr (VI) to
8.3 ± 1.0 μg L-1 Cr (VI), ending at 7.5 ± 1.0 μg L-1, indicating the concentration of Cr (VI) was
stable over the 24-hour period, and remained within the error of the analysis. At 9 and 69 days,
the Cr (VI) concentration was 7.5 ± 1.3 μg L-1 and 6.6 ± 1.1 μg L-1, respectively, indicating a
slight decrease in hexavalent chromium concentration as the bleach solution sample aged over a
two-month period. However, in terms of the bulk hypochlorite solution survey, the results of the
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stability study indicate Cr (VI) is stable in hypochlorite solution for at least a one-week period,
and that the analysis of the hypochlorite solutions would have detected it, if present at
concentrations relevant to the MCL of 0.1 mg L-1 and NSF/ANSI Standard 60 SPAC of 0.01 mg
L-1.

Figure 2. Plot of concentration of Cr (VI) versus time in 6 % FAC bleach over a 24-hour period
with Cr (VI) spike (10 μg L-1).
Analysis of the Effects of Bleach on the Oxidation of a Chromium Solution. Due to
the different oxidation states of chromium at different pH values and the oxidative environment
of the bulk sodium hypochlorite solutions, an obvious question arises concerning the chromium
chemistry. If Cr (III) was spiked into the bulk sodium hypochlorite solution, would it be oxidized
to Cr (VI)? A spike standard of Cr (III) was prepared in a hypochlorite solution to determine if
Cr (III) could be present in a basic solution or if it would be oxidized to Cr (VI). A commercial
grade bleach (6.1 % FAC, 61,226 mg L-1) was spiked to a concentration of 10.0 mg L-1 of Cr
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(III) and diluted by a factor of 1,000 for each analysis to a concentration of 10.0 µg L-1 Cr (III).
An initial analysis was conducted immediately after the spike solution was prepared, followed by
additional analyses every hour for the first 6 hours, and then an analysis after 24 hours.
Figure 3 presents the analysis of Cr (III) spiked in 6% FAC bleach over a 24-hour period.
Initial analysis shows that the Cr (III) is oxidized immediately to Cr (VI) with a concentration of
6.3 ± 1.0 μg L-1, a percent recovery of 63%. The oxidation of Cr (III) to Cr (VI) is likely due to
the basic conditions and oxidative environment of the bulk sodium hypochlorite solutions
(Brandhuber et al., 2004). Once the Cr (III) is oxidized to Cr (VI) the solution remains stable for
up to 24 hours with a concentration of 6.1 ± 1.0 μg L-1. Therefore, if chromium was present in
the hypochlorite solutions it would exist mostly as Cr (VI) and would have been detected at
concentrations relevant to the USEPA MCL and NSF/ANSI Standard 60 SPAC. However, the
conversion of Cr (III) to Cr (VI) reveals a decrease in percent recovery compared to the initial Cr
(VI) stability test. This is consistent with the literature and is thought to be caused by the
formation of chromium hydroxide which is insoluble at higher pH values (Imanaka & Hayashi,
2013).
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Figure 3. Plot of concentration of Cr (VI) versus time in 6 % FAC bleach over a 24-hour period
with Cr (III) spike (10 μg L-1).

Analysis of Total Chromium by Graphite Furnace Atomic Absorption. An analysis
of total chromium in a commercial bleach sample by GFAA was carried out as a secondary
confirmation method. In addition, the low % recovery of chromium in the spike samples
indicates possible sample loss – potentially through precipitation from the aqueous solution.
Calibration standards at concentration levels of 1, 3, 5, 7, and 10 µg L-1 of total
chromium were analyzed to construct a calibration curve. The MDL (USEPA, 1996a), accuracy
and precision (USEPA, 1996b) were calculated using the USEPA recommended protocol. The
USEPA MDLs (USEPA, 1996a) of the graphite furnace analyzer was 0.28 µg L-1. The
traditional MDL (Brown & Emmert, 2006) was 0.27 µg L-1. The mean percent recovery was 111
% and the % RSD was 15.8 %. The r2 for total chromium calibration curve was 0.999 over the
concentration range of 1–10 µg L-1.
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The commercial bleach sample was diluted to three different concentrations (50, 200, and
500 mg L-1) of FAC by diluting an appropriate volume of ~60,000 mg L-1 commercial bleach
(85, 340, 850 μL) into a 100 mL volumetric flask and diluting with reagent water. The bleach
was standardized using iodometry as discussed in section 2.2.

A bleach spike containing 200

mg L-1 of FAC with 10 μg L-1 of total chromium was prepared by adding 340 μL of commercial
bleach and 1 μL of the total chromium stock standard into a 100.00 mL volumetric flask and
diluting with reagent water.
The three, diluted commercial bleach samples (50, 200, and 500 mg L-1) were then
analyzed by GFAA. In all three bleach samples total chromium was not detected. Subsequently,
200 mg L-1 FAC samples were spiked with 10 µg L-1 total chromium and analyzed. The reported
concentration of the spiked total chromium sample was 6.8 ± 1.0 μg L-1, a percent recovery of
68%. The spiked concentration determined by the analysis of total chromium was consistent with
the concentration determined in spiked bleach samples analyzed by USEPA 218.6. Like the Cr
(III) oxidation to Cr (VI) a slight decrease is shown in the percent recovery in the presence of
bleach and is thought to be caused by the formation of an insoluble chromium hydroxide at
higher pH values (Imanaka & Hayashi, 2013).
Conclusion
A comprehensive analysis of 19 bulk hypochlorite solutions from seven states were
conducted to determine if bulk hypochlorite solutions used in drinking water disinfection could a
source of Cr (VI) in drinking water. Bulk hypochlorite solutions were tested by USEPA 218.6 to
determine Cr (VI) concentration and determined that all were below the MDL of the analysis. A
stability study determined that if Cr (VI) was present in the bulk sodium hypochlorite solutions,
it would be stable in a hypochlorite solution for up to one week. In addition, spiking Cr (III) to
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the bulk sodium hypochlorite solutions then it would be oxidized to Cr (VI) in the basic and
oxidative environment of the hypochlorite solutions. The analysis of Cr (VI) showed that if it
was present in the bulk hypochlorite solution then the concentrations were at levels that do not
significantly contribute to the MCL or the NSF/ANSI Standard 60 SPAC.
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Chapter 3
The Detection of Trihalomethanes and Haloacetic Acids by Capillary Membrane
Sampling Gas Chromatography with Dimethyl Sulfate Chemistry
Introduction
The use of chlorine for drinking water disinfection is one of the most revolutionary
processes throughout the history of the United States (Baird & Cann, 2008). Chlorination has
practically eliminated waterborne diseases from the United States drinking water supply (Baird
& Cann, 2008) over the past century. However, chlorination produces carcinogenic Disinfection
By-Products (DBPs) (Baird & Cann, 2008; Krasner et al., 2006; Richardson & Postigo, 2012;
Rook, 1974). DBPs are formed when chlorine reacts with natural organic matter present in the
water. These DBPs are regulated by the USEPA due to their carcinogenic nature (USEPA,
2006).
The two most common classes of DBPs present in drinking water are Trihalomethanes
(THMs) and Haloacetic acids (HAAs). The THMs are comprised of four species regulated by
the USEPA: chloroform (CHCl3), bromodichloromethane (CHBrC12), chlorodibromomethane
(CHBr2Cl), and bromoform (CHBr3) (USEPA, 2006). These four THMs are commonly referred
to as THM4. There are nine HAAs (HAA9) species, five of which are regulated by the USEPA
(USEPA, 2006) and include: monochloroacetic acid (MCAA), dichloroacetic acid (DCAA),
trichloroacetic acid (TCAA), monobromoacetic acid (MBAA), and dibromoacetic acid (DBAA)
(USEPA, 2006). These five regulated species are commonly referred to as HAA5. The four
unregulated HAAs species are: bromochloroacetic acid (BCAA), bromodichloroacetic acid
(BDCAA), dibromochloroacetic acid (DBCAA), and tribromoacetic acid (TBAA). The USEPA
has established a maximum contaminant level (MCL) for the total concentration of each class of
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compounds in finished drinking water. The MCL for Total THM4 sum concentration is 0.080 mg
L-1 (80 ppb), and for Total HAA5 the MCL is 0.060 mg L-1 (60 ppb) (USEPA, 2006).
These classes of DBPs are thought to be formed through similar chemical processes, but
their chemical properties are quite different. The THMs are volatile, non-polar, and neutral
species in drinking water whereas the HAAs are non-volatile, polar, and anionic at the pH of
drinking water. Since these different classes of DBPs have different chemical properties, the
methods of detection are different and creation of a universal method of detecting both THMs
and HAAs simultaneously has been difficult. Due to this difficulty in simultaneous detection,
there have been many different methods developed for the detection of THMs and HAAs
separately.
Currently, utilities use total organic carbon (TOC) as a surrogate to gauge the Total
THMs and Total HAAs concentrations in their finished drinking water. Utilities budget money to
remove TOC concentrations that do not become THMs or HAAs, and routinely base treatment
decisions on TOC concentrations because they are readily determined using commercially
available, on-line, real-time analysis equipment. However, reductions in TOC concentrations
with chemical treatment technology such as powered activated carbon (PAC) do not always lead
to reduction in THM4 and HAA9 concentrations (Watts et al., 2015) . Utilities that optimize their
treatment practices on TOC are effectively “flying blind” with respect to THM4 and HAA9
concentrations. The THM Rapid Response (THM-RR) provides utilities a way to continuously
map, monitor and then optimize their drinking water treatment plant using detailed and high
quality measurements. However, THM4 are only half of the story for regulated disinfection byproducts (DBPs).

31

Many water utilities struggled to comply with the Stage 1 DBPs rule (Figure 4). Stage 2
has been in effect for water utilities serving 100,000 people or more since April 1, 2012 (~400
total), and the remaining water utilities in the country were phased in throughout 2013. The
revised Stage 2 regulations for THMs and HAAs are stricter. Many utilities may face increased
costs from more compliance sampling schemes and higher chemical usage to minimize THM4
and HAA9 formation at each sampling site (USEPA, 2006).

(A) THMs
Violation
s

(B) HAAs
Violation
s

Figure 4. Violations of Legal Limits in the United States of (2007) (A) THMs and (B) HAAs.
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The goal of the Stage 2 DBP regulations is to minimize exposure to carcinogenic
compounds over the lifetime of an individual (~70 years) (USEPA, 2006). The Stage 2 DBP
regulations do not take into account short-term variations of DBP concentrations – nor are they
meant to. However, they do point to a need of utilities to better understand when and where
THM4 and HAA9 formation occurs so they can minimize DBPs over the long term. In essence,
the utilities need to understand short-term variations to minimize long-term exposures and
maintain compliance. However, utilities must have the analytical tools in place to monitor DBPs
in the short-term.
The USEPA has provided several, excellent methods for quarterly compliance
monitoring of THM4 and HAA9. The most common methods for THM4 analysis are USEPA
Methods 502.2, 524.2, 551 and 551.1(USEPA, 1995 a,b,c, 1998c). These are all GC methods
because the THM4 are non-polar and volatile. In contrast, HAA9 are polar compounds with low
volatilities and are anionic at the pH of drinking water. USEPA Methods 552.2 and 552.3
(USEPA 1995d, 2003) involve manual liquid-liquid extraction of HAA9, followed by
derivatization to the corresponding methyl esters and analysis by GC with electron capture
detection (ECD). The most recent HAA method (USEPA 557) (USEPA, 2009) exchanges labor
intensive derivatization methods for a capital- and salary- intensive liquid chromatography with
tandem mass-spectrometry method (instrument cost ~$400K).
The USEPA methods are not practical or cost-effective for daily process control (whether
in house or via contract labs). The capital investment costs required are prohibitive (up to
$200,000 for the instrumentation alone). Further, the “lost opportunity” costs of not having realtime, on-site process control (compared to 3 to 6-week-old data) does not allow for processes
control. For example, if a utility were to sample twice per day the week prior to and the week of
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compliance sampling, they would pay ~$10,500 for THMs and HAAs analysis, and still not have
the data necessary to improve water quality. However, if the data were available in real-time,
then it could be used for process changes and monitoring the effects with respect to the regulated
THMs and HAAs.
Three THM analyzers have been commercially released by Parker Hanninfin (Parker
Hannifin, 2015), Multisensor Systems (Multisensor, 2012), and AquaMetrology (AMS, 2012), in
addition to the Hach THM Plus batch method (Lord, 2010) and Foundation Instruments THM
Rapid Response (Brown et al, 2015). The Parker-Hanninfin THM Analyzer is capable of
individual and Total THM4 analysis; however, it is not capable of on-line monitoring and relies
on human operators to collect samples for analysis. The Parker THM Analyzer uses helium to
operate, which is both expensive and currently experiencing a global shortage (Parker Hannifin,
2015). The Aqua Metrology system uses a purge and trap technology followed by a chemical
reaction with pyridine and spectrophotometric analysis. It is capable of on-line monitoring, but
only provides Total THM4 analysis, thus detecting changes in speciation due to external events
is not possible (AMS, 2012). The Multisensor Systems MS2000 provides on-line Total THM
analysis using headspace analysis with a new sensor technology for THMs detection, which is
not described by the company (Multisensor, 2012).
Hach offers a commercially available kit for Total THMs analysis (Lord, 2010); however,
it is not highly selective for THMs. The THM II Plus method provides sum total concentrations
of THMs, HAAs and other chlorinated DBPs in the drinking water sample. Feedback from water
utilities and the investigators’ experience indicate the Hach THM Plus is limited in its analytical
performance. While Hach reports MDLs in the range of 10 μg L-1 using a 1 cm cell, our
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experience is typically an order of magnitude higher (about 100 μg L-1) using an unconventional,
expensive and cumbersome 10 cm cell.
Foundation Instruments has commercialized and sold products based on the licensed
patents from The University of Memphis: The DBP-RR kit (Emmert, Simone, Choo, Ranaivo, &
Larson, 2011) and the THM-RR (Emmert & Brown, 2008). The remaining intellectual property
covers a facet of fully automated chemical analysis for THM4 and HAA9: The PCR-IC (Emmert
& Simone, 2011) for individual and Total HAA9 analysis, and the CMS-FIA (Emmert, Brown,
Geme, & Simone, 2011) for simultaneous Total THMs and Total HAAs analysis. The PCR-IC
and CMS-FIA may be more suited to batch analysis rather than continuous on-line monitoring of
their respective DBPs. The CMS-FIA and PCR-IC require continuous reagent flow to effectively
operate and daily maintenance that, without specific improvements over the methods reported,
may not translate well for continuous operation.
The patented THM-RR (Emmert & Brown, 2008) was developed at the University of
Memphis (Emmert, Brown, Simone, & Geme, 2007; Brown & Emmert, 2006) and is a fullyautomated, on-line, real-time process monitoring system for individual and Total THM4 (Figures
5). The THM-RR uses the simple and robust capillary membrane sampling (CMS) device with
an injection valve to introduce the volatile THMs into a GC-ECD for separation and detection.
The THM-RR does not use any reagents, hazardous or otherwise and uses inexpensive nitrogen
gas as the carrier and make-up gas for the ECD. A key advantage of the THM-RR is its
simplicity. The only moving parts on the system are the stream selection valve, peristaltic pump,
injection valve, GC fan motor and resistive heating element. This simplicity allows for high
reproducibility in the injection and analysis of the THM4 species.
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The Capillary Membrane Sampling Device (CMS) (Figure 5) is a critical component that
provides the sampling interface between the drinking water stream and the GC (Brown &
Emmert, 2006, 2008; Emmert et al., 2007). The CMS is a “tube-within-a-tube” design, in which
a length of silicone capillary membrane is threaded through a length of Tefzel tubing and
connected to T-fittings at each end. Drinking water is pumped through the Tefzel tubing and
surrounds the silicone capillary membrane. The volatile THM4 pervaporate through the silicone
membrane into a stream of nitrogen and are transported to an injection valve. The non-volatile
HAA9 do not pervaporate and remain in the waste line (Brown & Emmert, 2006; Emmert et al.,
2007, 2008, 2009, 2011). Emmert and associates have used membrane sampling techniques and
selective derivatization to increase selectivity in on-line analytical measurements of THM4 and
HAA9 (Brown & Emmert, 2006; Emmert et al., 2007, 2008, 2009, 2011, 2013a, 2013b; Geme,
Brown, Simone, & Emmert, 2005; Ranaivo, Henson, Simone, Emmert, 2011; Simone, Anderson,
Emmert, 2006; Simone, Ranaivo, Geme, Brown, Emmert, 2009). Here, the simplicity and
robustness of the CMS is leveraged to act as a sample introduction device for the volatile THM4
and HAA9-methyl esters.
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Figure 5. (TOP LEFT) A picture of the THM Rapid Response, compressed nitrogen cylinder not
shown. (BOTTOM LEFT) Picture of the CMS device. (RIGHT) THM-RR Chromatograms for a
1 µg L-1 (ppb) standard and a real-world water system.
The Gas Chromatograph with Electron Capture Detection (GC-ECD) performs the high
resolution separation (Skoog et al., 2007) and detection of the THM4 with minimal matrix
effects from the drinking water. The ECD is highly selective and sensitive to halogenated
compounds (Skoog et al., 2007). The three forms of selectivity are important because many
volatile compounds will cross the CMS membrane and be injected onto the GC. For example, the
volatile organic compounds (Emmert, Brown, Geme, & Simone, 2011) under review by the
USEPA (USEPA, 2011) will all cross the silicone rubber membrane; however, the nonhalogenated compounds will not result in analytical signal from the ECD (Duty, 2000).
Additionally, the GC-ECD with nitrogen carrier gas is an inexpensive and “green” solution to
continuous analysis which does not produce hazardous waste. The leak testing kits and analysis
for the ECD are offered by multiple companies and are inexpensive (~$25).
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The method detection limits (MDL) (Glaser, Forest, McKee, Quave & Budde, 1981;
USEPA 1996a), accuracy (USEPA, 1996b) and precision (USEPA, 1996b) of the THM-RR are
superb for the individual THMs species ranging from 0.01 µg L-1 to 0.04 µg L-1 with
corresponding limits of quantitation ranging from 0.03 to 0.1 µg L-1. The accuracy and precision
for a check standard at 0.3 µg L-1 each THMs species ranged from 77 ± 1 % to 87 ± 5 %. At 20
µg L-1, the accuracy and precision ranged from 97 ± 2 % to 103 ± 2 %. Figure 5 demonstrates the
excellent signal-to-noise ratio on a 1 µg L-1 each THM4 standard and a subsequent analysis in a
real-world drinking water system. The real-world system also exhibits additional peaks
indicating the presence of other volatile compounds which can be determined by the THM-RR,
and demonstrates the THM-RR’s versatility for other volatile species – such as the HAA9methyl esters.
Both the THM-RR and PCR-IC operate excellent on their own, the THM-RR agreeing
with USEPA 524.2 to within 2 μg L-1 (Brown et al., 2015) and the PCR-IC is in agreement with
USEPA 552.3 to within 5 μg L-1 (Simone et al., 2009). However, many WTPs would prefer to
simplify the measurement of both classes of DBPs into one instrument. Although a combined
instrument that measures both THMs and HAAs may have seemed a bit farfetched several years
ago, the reality is that with improvements in technology this may be possible sooner rather than
later.
The ultimate goal for drinking water DBP analysis is a chemical analyzer capable of
performing simultaneous analysis of individual and Total THM4 and HAA9 from a single
sample. To do this, the chemical analyzer must account for the differences in chemical and
physical properties of the THM4 and HAA9 species, namely volatility of THMs and anionic,
non-volatile nature of the HAAs.
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The goal for this project was to develop an instrument that is capable of measuring the
four individual THMs and the nine individual HAAs at single µg L-1 levels by the use of
capillary membrane sampling gas chromatography with an electron capture detector (CMS GCECD). The use of the dimethyl sulfate chemistry will be implemented as an in situ methylation
step prior to analysis by GC-ECD. In essence, the THM-RR will be modified to allow analysis of
both THM4 and HAA9 simultaneously in drinking water. In this report, the MDL, accuracy and
precision for the simultaneous THM4-HAA9 analyzer is presented along with optimization
studies for the instrument.
Experimental
Chemicals and Reagents. All chemicals and reagents are of 97% purity or greater. All
water used was deionized by a Barnstead E-pure system (Thermo Scientific, Dubuque, IA, USA)
to a resistivity of 18.2 MΩ-1cm-1. There are three chemicals used in the derivatization of HAAs
to their methyl ester form. These chemicals include dimethyl sulfate (DMS), sodium sulfate, and
tetrabutylammonium hydrogensulfate (TBA-HSO4) which were all purchased from SigmaAldrich (St. Louis, MO, USA). All HAA (100 µg mL-1 in MTBE), HAA methyl ester (100 µg
mL-1 in MTBE), and THM standards (0.2 mg mL-1 in methanol) were purchased from Accu
Standard (New Haven, CT, USA).
HAA methyl esters and THMs standards were prepared by diluting appropriate volumes
of standard with reagent water in a 100 mL volumetric flask. The derivatization of the HAAs to
their methyl esters using DMS was accomplished by adding the appropriate volumes of standard
to 40 mL of reagent water in a head space free vial. Next 2.8 g (2M) sodium sulfate, 100 µL of
DMS, and 2.3 µmol TBA-HSO4 were added to the vial. The vial was placed in a water bath at
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55°C while stirring magnetically at 1100 rpm for 15 minutes. Once this heating process is
completed the samples were then analyzed by CMS-GC-ECD.
Instrumentation. All THM and HAA measurements were done using THM-RR
provided by Foundation Instruments (Collierville TN, USA). The THM-RR uses capillary
membrane sampling-gas chromatography equipped with a nickel-63 (Ni-63) electron capture
detector (ECD). The THM-RR works by flowing THMs and HAA methyl esters through the
capillary membrane sampling (CMS) device for 15 minutes at 1 mL min-1 using a peristaltic
pump. During this sampling period the THMs and HAA methyl esters pervaporate across the
membrane and enter a nitrogen carrier stream that flows at 3 mL min-1. This nitrogen carrier
stream is then injected into the GC via a 10 port selection valve that is held at 65°C. Both THMs
and HAA methyl esters are separated and then detected by an ECD held at 250 °C. The ECD
makeup gas was nitrogen at 45.0 mL min-1. During the separation and detection of the THMs
and HAA methyl esters a three-way solenoid valve (Omega, Stamford, CT, USA) switches from
sample to reagent water, allowing the membrane to be rinsed to minimize carryover from
previous samples. For stopped-flow experiments a 4-port valve (Valco, Houston, TX, USA) was
used to start and stop gas flow through the CMS for 5 minutes to allow for maximum
pervaporation across the CMS membrane. All data was integrated using PeakSimple
chromatography software (SRI Instruments, Torrance, CA, USA).
The THM-RR uses a MXT® 502.2 30m x 0.53mm i.d. x 3.00 µm Restek column
(Bellefonte, PA, USA). The temperature program for the GC oven during the 5 minute stoppedflow experiments was as follows: Initial temperature 45°C was held for 22 min followed by an
increase in temperature at 15 °C min-1 until 150 °C with a hold of 15 min.
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Results and Discussion
Preliminary Results. Our preliminary research has demonstrated an LC-based approach
is not a practical solution as a post-column reaction instrument. An acetonitrile:water mixture
was required to elute THM4 from a C18 phase cartridge and the eluent mixture boils below the
nicotinamide reaction temperature of 95 °C. This results in vapor bubbles in the reaction tubing
and renders the analytical signal unusable.
A more feasible option is to derivatize the HAA9 to the corresponding, volatile methyl
esters and analyze by GC-ECD (Figure 6). This is a mature chemistry used by USEPA method
552 (USEPA, 1990) with diazomethane (Cowman & Singer, 1996), 552.2 (USEPA, 1995d) and
552.3 (USEPA, 2003) with acidic methanol (Nikolaou, Golfinopoulos, Kostopoulou, & Lekkas,
2002), and dimethyl sulfate (National Toxicology Program [NTP], 2011; Neitzel, Walther, &
Nestler, 1998; Sarrion, Santos, Galceran, 2000). However, each of these esterification
chemistries is performed as batch analysis. In other words, an analyst must conduct all sample
handling, sample preparation and reagent addition procedures to successfully complete the
chemical analysis. This batch approach works well for samples collected from a variety of
location or in weekly/ monthly analysis by the USEPA methods (USEPA, 1995c, 1995d, 1998c,
2003), but is cumbersome for high frequency (hourly) analysis.
DMS is a strong methylating agent used to derivatize HAA9 species in situ to the
corresponding methyl esters (Neitzel et al., 1998; Sarrion et al., 2000). The reaction of TCAA
with DMS occurs in the presence of tetrabutylammonium-hydrogen sulfate (TBA-HSO4) as an
ion-pairing reagent for TCAA (Figure 6). Each molecule of DMS derivatizes one HAA9
molecule to the corresponding methyl ester (Lunn & Sansone, 1985; Neitzel et al., 1998; Sarrion
et al., 2000). The methyl sulfate ion is a weak methylating agent and does react further with the
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HAA9. Previous studies have used batch derivatization with headspace analysis via solid phase
microextraction (SPME), and use sodium sulfate to salt out the HAA9-methyl esters. The batch
analysis allows the analyst to add each of the reagents piecemeal and as concentrated or neat
solutions. Typically, DMS is added in 10,000-fold excess to the expected HAA9 concentrations
(Neitzel et al., 1998; Sarrion et al., 2000). From a practical perspective, ~100 µL of neat DMS (1
mmol) is added directly to a 10 mL drinking water sample with about 200 µg L-1 of HAA9 (~0.1
µmol) and 2.3 µmol of TBA-HSO4.

Figure 6. Reaction of TCAA with dimethyl sulfate in aqueous solution.

Figure 7. THM-RR Chromatogram demonstrating simultaneous separation of the HAA9 methyl
esters and THM4 species. Eight of the nine HAA9 species cross the silicone rubber membrane of
the capillary membrane sampling device.
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Automation of the esterification chemistries provides a larger challenge in drinking water
due to the requirement of non-aqueous phases (Cowman & Singer, 1996; Nikolaou et al., 2002;
USEPA, 1990, 1995d, 2003), highly reactive reagents (Cowman & Singer, 1996; NTP, 2011;
Neitzel et al., 1998; Nikolaou et al., 2002; Sarrion et al., 2000; USEPA, 1990), or corrosive
reagents (Nikolaou et al., 2002; USEPA, 1995d, 2003). The diazomethane analysis requires
extraction of the HAA9 into an ether phase, followed by addition of ethereal diazomethane
which is explosive and requires significant care during analysis (Cowman & Singer, 1996;
USEPA, 1990). Acidic methanol requires extraction into methyl-tert-butyl ether (MTBE)
followed by addition of 10 % sulfuric acid in methanol and heated to 55 °C for two hours
(USEPA, 1995d, 2003). Both of these chemistries are difficult to automate with drinking water
samples because phase-separated systems may be imprecise in FIA (Karlberg & Pacey, 1989).
Dimethyl sulfate (DMS) has been used as an in situ derivative (Neitzel et al., 1998; Sarrion et al.,
2000) and combined with headspace analysis-solid phase microextraction (SPME) (Neitzel et al.,
1998; Sarrion et al., 2000). The in situ derivatization of HAA9 to the corresponding methyl
esters uses an ion-pairing reagent, followed by salting out the volatile HAA9-methyl esters. The
DMS chemistry is amenable for automated in situ derivatization in the drinking water sample.
The aqueous phase reaction is ideal for FIA (Karlberg & Pacey, 1989) with its the excellent
reproducibility of flow rates and reaction timing.
A preliminary question for a simultaneous THM4-HAA9 analyzer is: do the HAA9methyl esters pervaporate through the CMS membrane? A 10 µg L-1 each THM4 standard and a
100 μg L-1 HAA9-methyl ester standard were introduced into the THM-RR (Figure 7). The
preliminary study determined that 8 of the 9 HAA9-methyl esters (with the exception of MBAA)
cross the CMS membrane and are reasonably well separated (with the exception of BCAA and
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TCAA). These BCAA and TCAA can be readily separated using a different column phase and
film thickness (Emmert et al., 2013; USEPA, 1995d, 2003). The success of the HAA9-methyl
ester test demonstrates more research is necessary to determine the feasibility of an automated
FIA derivatization for simultaneous THM4 and HAA9 analysis. Just as importantly, building on
the THM-RR instrumentation provides an upgrade path for existing customers to convert from
on-line process monitoring of THM4 to on-line process monitoring of both THM4 and HAA9.
FIA has been traditionally used to automate batch chemical analysis (Karlberg & Pacey,
1989). The sample is reproducibly injected into the continuously flowing carrier stream with a
sample injection valve and successively mixed with flowing streams of reagents. A chemical
reaction occurs in a mixing coil to form a product species which is detected and measured to
produce analytical signal (Karlberg & Pacey, 1989). Typically, the chemical reactions used in
FIA occur on the seconds’ to minutes’ timescale with correspondingly short reaction coils. As
the reaction time increases, so too must the reaction coil in a continuously flowing system. A
reaction that requires 15 min for acceptable detection limits might need 30 meters of tubing
which can be impractical. However, stopped-flow techniques will be incorporated to reduce the
tubing requirements. In stopped-flow, the sample-reagent plug is trapped in a reaction coil and
all flow is stopped for an experimentally determined amount of time to allow the reaction to
proceed. Once the reaction is complete, all flow is restarted for analyte detection. This approach
may seem complex, but the use of automated pumping and high precision timing to mix, trap and
detect the analyte, and has been successfully used by Simone and Emmert to analyze HAA5 in
drinking water with PCR-IC nicotinamide fluorescence (Simone et al., 2006). All FIA
instrumentation needs some maintenance to refill reagents or change out the peristaltic pump
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tubing. The use of the derivatization chemistry on the “front-end” of the analysis allows for
larger tolerances on the pump tubing wear, thus maintenance windows will be larger and longer.
A schematic diagram of the prototype THM4-HAA9 analyzer, simply based on the
reagents, is shown in Figure 8. The initial research and development will focus on exploratory
studies at high HAA9 concentrations to obtain analytical signal from FIA-based DMS
derivatization. These exploratory studies will provide the baseline performance for further
optimization of each of the analytical parameters of the instrument. Similar optimization studies
were performed on parameters including (but not limited to): Injection volume of the drinking
water sample, concentration of TBA-HSO4 ion-pairing reagent, DMS concentrations, heating
time for the reaction mixture, and flow rates and ratios for the carrier stream and each of the
reagents.

Figure 8. Preliminary Schematic diagram of the simultaneous THM4-HAA9 Analyzer. The FIA
system reacts the drinking water with DMS to produce HAA9-methyl esters. The reacted
drinking water sample containing both THM4 and HAA9-methyl esters flows to the CMS device
where the THM4 and HAA9-methyl esters cross the silicone rubber membrane into Valve 2 (V2)
for injection on the GC-ECD.
Familiarization and Optimization. The main goal for this project was to develop an
instrument that could not only detect individual THMs but to detect the nine individual HAAs as
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well. This is a task that has eluded many water chemists over the past half century. The thought
process in this research was to take the THM-RR provided by Foundation Instruments and
modify it so that HAA methyl esters could be determined similar to USEPA 552.3. With this in
mind, previous DMS chemistry was modified to automate the process in order to build a
commercially available online monitoring instrument.
The gas chromatography route of measuring HAAs seemed to be a more logical choice
for measuring THMs and HAAs than liquid chromatography. Several of the USEPA methods
for detecting THMs and HAAs have shown the viability of measuring the compounds with a
GC-ECD so this became a logical starting point. It is also widely known that THMs are volatile
and tend to be measured easier in the gas phase than in the liquid phase. While HAAs are
generally not as volatile, their counterpart methyl esters tend to be more volatile and can be
measured via gas chromatography. For these reasons the THM-RR was chosen to be modified to
allow HAAs methyl esters to be measured.
At first look the HAAs methyl esters should be easy to adapt to the THM-RR method. In
theory the HAAs methyl esters being more volatile than the HAAs themselves would cross the
membrane of the CMS device and enter into the gas stream just as THMs do. These compounds
would then be separated in the GC portion of the THM-RR with minor adjustments to the
temperature program and run time. Unfortunately, this is not the case. The HAA methyl esters
do cross the CMS membrane, however, not at sufficient concentrations compared to THMs.
THMs usually cross the membrane quite easily and can be detected at concentrations in the ng L1

range whereas HAA methyl esters cross the membrane in a less efficient manner and can be

detected in the high hundreds of µg L-1 range.
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To combat this sensitivity issue it was quickly realized that some type of
preconcentration step was necessary in order to measure HAA methyl esters at smaller and more
relevant concentrations. In order to improve the sensitivity of analysis a purge and trap system
was added to the THM-RR in order to preconcentrate both THMs and HAA methyl esters. The
purge and trap system did effectively improve the concentration ranges that HAAs methyl esters
could be detected going from the high hundreds of µg L-1 to single µg L-1 for most species of
HAA methyl esters. This is a major improvement over the standard THM-RR method because
now it is known that THMs and HAA methyl esters can be detected at useful concentration
ranges. However, another issue arose from the addition of the purge and trap. The purge and
trap consist of a Tenax® trap that preconcentrates the HAA methyl esters and THMs. To
remove the compounds from the trap, the trap must be heated so that it can release the specific
compounds that are desired. During this heating process HAAs methyl esters break down into
THMs or other HAA methyl esters. Since this is the case there is a chance that errors can occur
in the accuracy of the measurements. Another issue with the purge and trap system is that the
traps can be very susceptible to carryover when high concentrations of THMs and HAA methyl
esters are analyzed. With these issues with the purge and trap it was then determined that purge
and trap would no longer be a viable source of preconcentration for HAAs methyl esters.
As an alternative to purge and trap it was necessary to look at different techniques that
would allow more efficient ways in which compounds can more efficiently cross membranes.
One of those techniques is stopped-flow analysis. Stopped-flow analysis involves a pause in the
carrier flow to allow extra time for compounds to equilibrate between carrier stream and sample.
The extra equilibration time allows more HAA methyl esters to cross the silicone membrane and
enter the gas stream effectively acting as a form of preconcentration. With this in mind it was
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believed that stopping the flow of the carrier gas through the membrane would allow HAA
methyl esters the opportunity to reach equilibrium within the CMS membrane and effectively
would preconcentrate the HAA methyl esters. After optimization of the stop flow time, it was
determined that the maximum signal was achieved after a stop flow time of 5 minutes. This
method showed significant improvements over the traditional THM-RR method without the side
effects of compounds breaking down due to the temperature increase of the purge and trap. After
it was confirmed that HAA methyl esters could be detected at concentrations below the MCLs
the temperature program and flow rate through the column were then optimized and each HAA
methyl ester and THM was identified. Figure 9 below shows a combined THM and HAA methyl
ester chromatogram.

Figure 9. Chromatogram of 10 µg L-1 THMs & 50 µg L-1 HAA methyl esters with 5 min stop
flow.
MDL, Accuracy, and Precision. After familiarization and optimization studies are
complete, method detection limit (MDL), accuracy and precision, and linearity studies were
conducted. The MDL, accuracy and precision was determined using the standard USEPA
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protocols (Glaser et al., 1981; USEPA 1996a) as well as the traditional detection limit (3x noise)
(Skoog et al., 2007) and the propagation of uncertainty MDL (Brown & Emmert, 2007; Harris,
2006; Ranaivo et al., 2011; Simone et al., 2009). The USEPA MDL provides a worst case
scenario for the detection limit, and the traditional and uncertainty MDLs should be within an
order of magnitude of the USEPA MDL. The standard USEPA protocol is to prepare a 5-point
calibration curve, followed by analysis of a check standard seven consecutive times at a
concentration half-way between the two lowest calibration points. From the calibration curve and
check standard, we calculate three analytical parameters:


The MDL (the lowest concentration distinguishable from noise) (Glaser et al., 1981;
USEPA, 1996b)



The mean % recovery (a measure of accuracy − how close the answer is to the true value)
(USEPA, 1996b)



The % relative standard deviation (a measure of precision − the scatter or variation in the
data) (USEPA, 1996b)

Once each HAA methyl ester and THM was identified an MDL, accuracy, and precision
study was done to determine how well the combined instrument could measure HAA methyl
esters and THMs simultaneously. This was done by running seven calibration standards that
included both THMs and HAA methyl esters at different concentrations. In general, a 5-point
calibration is done, but since no MDL range was known a 7-point calibration was used. This was
followed by analyzing a check standard seven consecutive times. The calibration standard
concentrations for the MDL, accuracy, and precision study were as follows: 1, 5, 10, 25, 50, 75,
and 100 µg L-1 of each compound for THMs and 10, 25, 50, 75, 100, 150, and 200 µg L-1 of each
compound for HAAs. The check standard concentrations for THMs and HAA methyl esters
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were 3 µg L-1 and 20 µg L-1, respectively. For THMs data a quadratic fit was used just as it is
with the THM-RR. However, HAA methyl esters showed a better response to a linear fit. The
results of the study are listed in the table 1.
Table 1
Collection of MDL, Accuracy and Precision Results for (A) THMs Species and (B) HAAs Species
A. MDL, accuracy, and precision for THMs.
THMs
Chloroform
Bromodichloromethane
Chlorodibromomethane
Bromoform

MDL
0.3
0.4
0.6
2.0

Mean % Rec
100.0
108.6
114.2
177.7

% R.S.D.
3.3
4.1
5.5
11.8

B. MDL, accuracy, and precision HAA methyl esters
HAAs
MCAA
MBAA
DCAA
DBAA
TCAA
TBAA
BCAA
DBCAA
BDCAA

MDL
1.3
NA
3.9
6.5
26.1
11.0
11.8
11.6
NA

Mean % Rec
139.2
NA
161.7
87.1
-122.8
134.5
176.8
110.8
NA

% R.S.D.
1.4
NA
3.8
11.9
-33.9
13.0
10.6
16.6
NA

The results from the MDL, accuracy, and precision study show quite a few interesting
points. When looking at the THMs results compared to MDL, accuracy, and precision studies
done with the THM-RR there is a noticeable increase in all three categories for most of the
THMs. However, this study still shows very good detection limits with all four THMs being
able to detect compounds above 2 µg L-1. All four THMs also showed good accuracy as defined
by mean percent recovery (mean % rec.) being 100 ± 50% and precision as defined by percent
relative standard deviation (% R.S.D.) being ± 50% for measuring THMs. The only exception to
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this is the mean % recovery of bromoform. This mean % recovery increase as well as the poor
mean % recovery of TCAA can be explained by the closeness of the retention times between the
bromoform and TCAA peaks. At higher concentrations, the TCAA and bromoform peaks
coelute. The bromoform mean % recovery increases due to it being more sensitive to detection
by the ECD compared to TCAA. This issue with coelution could potentially be improved using a
longer column, slower carrier flow rate, or the temperature program adjustments to allow for
better separation of TCAA and bromoform.
Upon inspection of the HAA methyl esters results it was shown that seven of the nine
HAA methyl esters can be measured individually below the MCL for HAAs. Of the seven only
two compounds did not meet the USEPA guidelines for an expectable MDL, accuracy, and
precision. In the simultaneous analysis, bromoform, TCAA and BCAA elute close to each other
forming a triplet of peaks. The accuracy and precision issues of TCAA are a result of coelution
with bromoform at high concentrations. This is the case because THMs tend to produce greater
analytical signal compared to HAA methyl ester counterparts. At low concentrations THMs
exhibit little to no tailing of chromatographic peaks, however at high concentrations generally 50
µg L-1 or higher, chromatographic tailing of the THM peaks can occur. This tailing effect can
mask the low analytical signal produced by the HAA methyl esters such as TCAA and make
consistent integration difficult. BCAA like TCAA experienced mean % recovery that did not
meet the USEPA guidelines which could be explained by its closeness in retention time to
TCAA. Since BCAA and TCAA elute so closely it makes consistent integration difficult
especially at high concentrations due to fronting and tailing of the two peaks. This issue is
further complicated by the addition of bromoform at high concentrations. Bromoform elutes
closely to both compounds and exhibits a much larger analytical signal compared to both TCAA
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and BCAA. At high concentrations the tailing of the bromoform peak not only can affect TCAA
but BCAA measurements as well. The two compounds that did not show up in the MDL,
accuracy, and precision study were BDCAA and MBAA. BDCAA decomposes into
bromodichloromethane and carbon dioxide possibly due to the high temperatures of analysis,
hydroxide catalyzed decomposition, or acid catalyzed decomposition.

However, the

contribution of BDCAA to bromodichloromethane concentrations is negligible due to the low
analytical signal produced by HAA methyl esters in comparison with the signal produced from
bromodichloromethane and does not affect the MDL, accuracy, and precision of
bromodichloromethane.
The MBAA methyl ester did not cross the CMS membrane efficiently, and therefore was
not detected at concentrations below 300 μg L-1. Even at concentrations above 300 μg L-1, the
MBAA peak on the chromatogram was small and broad, indicating that the MBAA methyl ester
was not pervaporating through the membrane wall.
Conclusions
As mentioned before the goal of this project is to create an online monitoring instrument
that can measure THMs and HAAs from drinking water without the use of an extraction step.
Both THMs and HAA methyl esters with the exception of MBAA and BDCAA were able to be
detected at reasonable concentration ranges, the next focus is to determine an effective way to
allow for derivatization of HAAs to their methyl ester forms. To achieve this goal a simple
methylation with DMS as a pretreatment step was used with the plan of being automated later.
This DMS chemistry was first used as a headspace solid-phase microextraction (HS-SPME)
technique in the literature (Neitzel et al., 1998; Sarrion et al., 2000), but it was thought that this
technique could be modified to work in a headspace free environment. However, this was not
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the case. The optimization of the DMS chemistry quickly revealed that in-situ methylation of
HAAs in drinking water followed by membrane sampling and GC analysis is more complex than
originally thought. The DMS chemistry requires significant hazard controls for safe use in any
environment (Hazardous Substances Data Bank, 2016) making integration into an FIA system
very difficult.
Although a commercially available online system that measures both HAAs and THMs
was not completed, the ground work was still laid for an upcoming idea on a combined
instrument. It was determined that both the four individual THMs along with seven of the nine
HAA methyl esters could be measured by the same instrument. It was also determined that the
DMS chemistry was not suitable for HAAs in this manner. It is possible that with the right
derivatization agent this instrument could be developed into one of the most influential
instruments in the field of water chemistry. This instrument could possibly change the way that
WTPs across the country monitor drinking water.
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Chapter 4
Using Automated On-Site Monitoring to Calibrate Empirical Models of
Trihalomethanes Concentrations in Drinking Water

Introduction
Compared to a century ago, the incidence of waterborne disease in the United States has
become exceedingly rare. This is due in no small part to water chlorination which many consider
the most significant public health development of the 20th century (McGuire, 2006).
Unfortunately, despite all its benefits, water chlorination results in the formation of carcinogenic
disinfection by-products (DBPs) from the reactions of free available chlorine with natural
organic matter in source waters (Bond, Goslan, Parsons, & Jefferson, 2012; McGuire, 2006;
Richardson, Plewa, Wagner, Schoeny, & DeMarini, 2007; USEPA, 1998a, 2006).
The trihalomethanes (THMs) are the most common class of DBPs. This group includes
four chemical compounds, chloroform (CHCl3), bromodichloromethane (CHBrCl2),
chlorodibromomethane (CHBr2Cl) and bromoform (CHBr3). The total concentration of these four
THMs (Total THMs) is regulated and should not exceed the maximum contaminant level (MCL)
of 0.080 mg L−1 (or 80 μg L−1) (USEPA, 1998, 2006) in finished drinking water. Data from the
Environmental Working Group Drinking Water Database collected in 2007 (Bond et al., 2012)
demonstrates that one in five legal violations in drinking water is a violation of the MCL for
Total THMs. Clearly, many utilities struggle each year to meet these regulations and the
occurrence of THMs formation in public drinking water is widespread.
Recently, these regulations have become more difficult to meet for water treatment plants
(WTPs) across the country. Stage 1 of the DBP rule (USEPA, 1998a) has transitioned to the
Stage 2 DBP rule which has been enforced since 2012 (USEPA, 2006). Under Stage 1 (USEPA,
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1998a), WTPs reported a running annual average to establish compliance with the MCLs. Thus,
Stage 1 allowed WTPs to sample from several different locations in their distribution system and
average these results over the entire distribution system. This means that WTPs could establish
compliance by averaging sites in their system that exhibited lower THMs concentrations with
sites that exhibited higher concentrations of THMs to yield a running annual average less than
the MCL. In the Stage 2 rule (USEPA, 2006), the system-wide running annual average was
replaced with the locational running annual average. The locational running annual average
requires the WTPs to sample at specific sites (typically referred to as “hot spots”) that exhibit the
highest THMs concentrations. The locational running annual average is reported for each specific
site, thereby eliminating the ability to average the THMs results across the distribution system.
This makes achieving compliance of the DBP Rule more difficult for many WTPs across the
country (USEPA, 2006).
THMs formation is dependent upon several factors (Bond et al., 2012; Brown,
Bridgeman, & West, 2011; Chowdhury, Rodriguez, & Serodes, 2010; Doederer, Gernjak,
Weinberg, & Farré, 2014; Edzwald, Becker, & Wattier, 1985; Environmental Working Group
[EWG], 2015; Mosteo, Miguel, Martin-Muniesa, Ormad, & Ovelleiro, 2009; Richardson et al.,
2007; Weinberg, Krasner, Richardson, & Thruston, 2002), perhaps chief among them the quality
of source water available to the water treatment plant. Source water quality varies from plant to
plant, and the approach that WTPs take to minimize THMs formation may vary greatly from
location to location. Many WTPs are left on their own to determine exactly what treatment
practices are most effective for their specific situations—situations that may change from hour to
hour with causes such as rainfall, seasonal temperature inversion events (Brown et al., 2015), and
perhaps other factors. To respond in real-time, WTPs have historically used surrogates to
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account for their THMs reduction practices. For example, specific absorbance at UV 254
(SUVA) and Total Organic Carbon (TOC) measurements have been used as “proxy”
measurements of THMs concentrations. SUVA and TOC measurements can be done “on-site” at
WTPs with subsequent data used to gain control of and minimize THMs formation (Consonery,
Lusardi, Kopansky, & Manning, 2004; Edzwald et al., 1985; Liang & Singer, 2003). Neither of
these methods provides direct measurement of THMs species and unfortunately, as will be
explored here, the surrogacy assumed in their use may not always be valid.
There are a number of ways to directly measure individual and Total THMs
concentrations in drinking water, but most are not suitable for real-time THMs measurements
(Emmert et al., 2004). The United States Environmental Protection Agency (USEPA) has provided
several methods that work well for compliance monitoring with USEPA 551.1 (USEPA, 1998c),
502.2 (USEPA, 1995a) and 524.2 (USEPA, 1995b) being the most common. USEPA 551.1
(USEPA, 1998c) uses liquid-liquid extraction and gas chromatography with an electron capture
detector to extract, separate, and quantify THMs, respectively. USEPA 502.2 (USEPA, 1995a)
uses purge and trap gas chromatography with a photoionization detector connected in series with
an electrolytic conductivity detector. USEPA 524.2 (USEPA, 1995b) uses purge and trap gas
chromatography with the increased specificity of a mass spectrometer to accomplish the same
goal. All three methods excel for compliance monitoring of THMs. However, they are an
expensive capital investment for many WTPs, require analytical expertise typically beyond that
of many WTP operators, and are not suited for real-time measurements of THMs concentrations.
As an alternative to on-site USEPA analysis, many WTPs outsource their THMs
compliance monitoring to contract laboratories. Contract laboratories offer advantages such as
eliminating the needs for expensive instrumentation and highly skilled analysts to operate the

56

instruments. Further, the contract laboratory handles the data interpretation and analysis needed
to demonstrate compliance with USEPA regulations. However, if daily process control is the
goal, outsourcing samples to contract laboratories may be an expensive proposition resulting
from a large number of samples and long sample turnaround times ranging from weeks down to
days if expensive priority analysis is used. Such data are hardly useful to operators for
responding in real-time to problems as they arise. Operators need an on-site “THMs meter” that
enables them to monitor THMs concentrations in real-time, automatically, so they can respond in
real time to THMs formation events as they arise.
In the last five years, commercial devices have appeared on the market for on-site THMs
monitoring (AMS, 2012; Brown et al., 2015; Emmert & Brown, 2012; Lord, 2010; Multisensor
Systems, 2012; Parker Hannifin, 2015). Perhaps the oldest alternative method is Hach’s THM II
Plus, a manual kit for Total THMs analysis (Lord, 2010). The semi-automated Parker THM
Analyzer (Parker Hannifin, 2015) offers on-site measurements of individual THMs
concentrations, but does not operate on-line and requires manual sample collection for analysis.
Recently, Parker released the On-line THM Analyzer for on-line THM measurements. The
Multisensor Systems MS2000 (Multisensor Systems, 2012) is an on-line Total THM analyzer
that couples headspace techniques with a sensor array for THMs detection. The Aqua Metrology
Systems THM-100 (AMS, 2012) is a fully-automated, on-line Total THMs analysis system that
uses a purge and trap technology followed by a chemical reaction with pyridine and base with
spectrophotometric analysis.
Foundation Instruments, Collierville, TN, USA, offers the Trihalomethanes-Rapid
Response system (THM-RR) which is arguably the most rigorously tested (Brown et al., 2015;
Brown & Emmert, 2006; Emmert, Brown, York, & Simone, 2014; Emmert et al., 2012; Emmert,
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Brown, Simone, & Cao, 2007) commercial THM system on the market. Side-by-side
comparisons to USEPA Method 524.2 of individual and Total THMs concentrations
demonstrated agreement between the two methods within 2 µg·L−1 (Brown et al., 2015).
Speciation of THMs is essential when evaluating certain mitigation strategies such as aeration
which preferentially removes chloroform and bromodichloromethane due to higher volatility
compared to dibromochloromethane and bromoform.
The THM-RR system was used to establish an on-site monitoring program at the
Lebanon, TN WTP where operational and environmental factors that influence THMs formation
and mitigation were explored (Brown et al., 2015; Emmert et al., 2014). The THM-RR has
proven to be a rugged and robust device. However, the key to success for developing an
automated, on-site THMs monitoring program is to establish the process map detailing the
baseline behavior of THMs at the WTP. Then with the process map in place, effective process
optimization studies can be conducted to determine the best THMs control strategies for the
WTP. Both the process map and process optimization studies are discussed in more detail in the
coming sections.
Most of the work related to understanding the concentrations of THMs that occur in
drinking water has focused on modeling their formation. THMs modeling using common water
quality parameters has been favored over routine THMs measurements because the latter was
more difficult and expensive, until recent availability of commercial THMs analyzers (AMS,
2012; Brown et al., 2015; Emmert et al., 2012 & 2014; Lord, 2010; Multisensor System, 2012;
Parker Hannifin, 2015). This was especially true in the early days of the THMs problem (Rook,
1977). One of the first known models for THMs formation was developed by Minear and
Morrow (Minear & Morrow, 1983) followed by more than one hundred models created to
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predict DBP formation in drinking water (Chowdhury et al., 2009). The Minear and Morrow
work (Minear & Morrow, 1983) was followed by a model proposed by Amy et al. (Amy et al.,
1987) that became the seminal THMs, haloacetic acids, chloral hydrate and bromate ion models
(Amy, Siddiqui, Ozekin, Zhu, & Wang, 1998) for drinking water.
The Amy model (Amy et al., 1998) was developed by building a database of source and
coagulated water quality parameters from multiple water sources across the United States. These
parameters included dissolved organic carbon (DOC), chlorine dose (D), bromide ion
concentration (Br−), water temperature (T), contact time (t), and pH (Amy et al., 1998). The
models were constructed using both linear and non-linear regression of the water quality
parameters in conjunction with measured THMs concentrations. The result was a statistical
model that could predict individual and Total THMs concentrations. Empirical models provide
WTPs the opportunity to estimate Total THMs concentrations using routinely measured
parameters. However, the predictive accuracy of these models may depend on source water
selection. Further, the reliability of the experimental measurements used to determine the
empirical relationships (Amy et al., 1998) is critical. In essence, each WTP has unique source
water chemistry and parameters that makes developing an accurate universal model difficult.
In this paper, the Amy model (Amy et al., 1998) is applied using the equation from the
literature to generate Total THMs concentrations at the Lebanon, TN WTP using their routinely
measured water quality parameters of finished drinking water. The only difference was that the
bromide ion term was ignored since the source contained negligible bromide ion concentrations
nor were brominated THMs prominent. Then, the model is calibrated with Total THMs
concentrations determined using the THM-RR system at the Lebanon, TN WTP. The result is a
model built on a large set of synchronized data consisting of the on-site and on-line Total THMs
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measurements and the routine water quality parameters necessary for the model. This large
dataset, 136 sets of data points, was then used to predict Total THMs concentrations for the same
time period of the following year. The Total THMs concentrations generated by the literature
model and calibrated model are rigorously compared using Bland-Altman analysis to Total
THMs concentrations measured directly by the THM-RR system. Here is reported for the first
time a WTP with the ability to tailor their empirical model to be site specific in a cost-effective
manner.
Experimental
City of Lebanon, TN, WTP. The Lebanon, TN WTP is a 12 million gallons per day
conventional WTP located next to the Cumberland River in Wilson County, Tennessee. Water is
drawn from the Cumberland River and powdered activated carbon (PAC) (Norit Hydrodarco O)
is added to control taste and odor and reduce DBP precursors. The water enters a mixing tank
where a polyaluminum chloride coagulant is added before transferring to flocculation chambers.
The water passes through tube settlers before being filtered through dual media gravity filters. A
small pre-dose of gaseous chlorine is added on top of the filters to control bacteriological growth
in the filter media. The filtered water is disinfected with gaseous chlorine followed by addition of
blended phosphates as a corrosion inhibitor. After the required contact time, the finished
drinking water is pumped to sanitized reservoirs, water towers, and to the customers’ taps. The
utility maintains an active laboratory where common drinking water parameters are measured
and logged with each shift. The utility also has an active flushing program in place aimed at
THMs control.
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The THM-Rapid Response System. All THM measurements were made using the
THM-RR system (Foundation Instruments, Inc., Collierville, TN, USA), operating on an hourly
sampling schedule. The THM-RR is fully-automated from the start of sampling to reporting
individual and Total THMs concentrations. The patented THM-RR system (Brown et al., 2015;
Emmert et al., 2012 & 2014) (Figure 10) is a rugged and robust version of an earlier device
(Brown et al., 2006; Emmert et al., 2007).

Figure 10. Illustration of operation of the Trihalomethanes-Rapid Response (THM-RR)
system used to establish the program for automated on-line monitoring of individual and
Total THMs concentrations in Lebanon, TN water treatment plant (WTP).

The operation of the THM-RR system is illustrated in Figure 10. Drinking water is
sampled directly into the THM-RR from either a continuously flowing tap or a grab sample. The
THM-RR uses a capillary membrane sampling device to allow pervaporation of the THMs into a
nitrogen gas stream followed by introduction into a gas chromatograph for separation and
detection (Brown et al., 2015; Brown et al., 2006; Emmert et al., 2007, 2012, & 2014). The
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analytical signal for each THMs species is computer integrated followed by automated reporting
and logging of THMs concentrations into a spreadsheet via external calibration curve. Finally,
the THMs data set is displayed on the controlling PC in numeric and graphical format.
With an internet connection, the device may be remotely accessed with some control
options available. The THM-RR sampling rate is one sample per hour with THMs results from
the analysis typically available in 30 min. The device can be switched between off-line grab
sample and check standard analysis mode and on-line analysis using the installed, manual stream
selection valve.
Reagents and Standards. Reagent water for standard preparation was distilled on-site at
the Lebanon, TN WTP. The resulting distilled water does not contain any measurable organic or
inorganic contaminants. The 0.2 mg mL−1 each THMs stock standard was purchased from
AccuStandard (New Haven, CT, USA). A 4000 μg L−1 primary dilution standard was prepared
volumetrically by diluting the stock standard into 50.00 mL of methanol. An 800 μg L−1 each
THMs working standard was prepared using a 10 mL/50 mL volumetric dilution in distilled
water. Subsequently, all THMs calibration and check standards were prepared by diluting an
appropriate volume of the working standard in 50.00 mL of distilled water. All preparation and
analysis of the calibration and check standards was completed using three, 50.00 mL volumetric
flasks, a 10 mL volumetric pipette and a 2 mL Mohr pipette with 0.1 mL increments. The typical
concentrations for the calibration standards for each THM species are 1.6, 4.8, 8.0, 16, 32, 48
μg·L−1. The check standard concentration is 3.2 μg·L−1 for each THM species.

62

Calibration, Linearity, Method Detection Limits, Accuracy, and Precision. The
THM-RR is calibrated using a 5-point calibration curve. The range of this calibration curve is
user adjustable to their specific needs, but typically ranges between 1.6 μg L−1 to 32 μg L−1 for
each THMs species and from 6 μg L−1 to 128 μg L−1 for Total THMs. An optional standard
extends the calibration range up to 48 μg L−1 for each THMs species and 192 μg L−1 for Total
THMs. Automatically calculated least squares fits typically exhibit correlation coefficients (r
values) greater than 0.99 over the calibration ranges for individual THMs species described
above. Very low level (~10 ng L−1) measurements have also been bracketed with similar results.
The method detection limits (MDLs) for each individual THMs species (meaning the lowest
concentrations of THMs that can be distinguished from noise) (Glaser et al., 1981; USEPA,
1996a) range from 0.010 to 0.040 μg L−1 (10 to 40 parts per trillion) (Brown et al., 2015), or put
another way, a factor of 2000 times below MCL values. The limits of quantitation (Skoog et al.,
2007), range from 0.03 to 0.1 μg L−1 (Brown et al., 2015). The accuracy (how close the measured
value is to the true value) expressed as the mean percent recovery (USEPA, 1996b) on a check
standard analyzed seven consecutive times is typically 80% at 0.3 μg L−1 and 99% at 20 μg L−1
(Brown et al., 2015). The precision (the amount of scatter in the data) measured as the percent
relative standard deviation (% RSD) (USEPA,1996b) of the check standard is ±3% (Brown et al.,
2015).
On-Line Monitoring Using the THM-RR System. The THM-RR is unique in that it
comes standard with the ability to do on-line monitoring or easy switchover to analyze individual
calibration and check standards or grab samples. For on-line sampling, the standard sampling
loop consists of a length of Tygon® connected directly to a water tap and arranged into a loop
with the exit going to drain. A length of polymer tubing is inserted through the side of the

63

Tygon® tube and connected directly to the instrument. This configuration is standard for all
THM-RR systems. During each hour of analysis, the THM-RR automatically samples from the
drinking water stream for 15 min and then rinses the sampling device with distilled-deionized
water for the remaining 45 min to minimize carryover effects. The calibration is readily
confirmed through analysis of a “check standard” and has been demonstrated to provide
acceptable results for process control for months at a time (Brown et al., 2015). The check
standard is prepared in the same manner as a calibration standard, but is not used in generating
the calibration data for the instrument. The frequency of check standard analysis can be
determined by the user’s needs. The THM-RR operates automatically for more than three weeks
on a typical tank of relatively inexpensive Grade 5.0 nitrogen.
Results and Discussion
Establishing an Automated, On-Site THMs Monitoring Program at the Lebanon,
TN, WTP. The THM-RR system was installed at the Lebanon, TN WTP in April of 2013 to
monitor THMs concentrations. Over the first week, no changes were made to the routine
operating parameters of the plant to construct the “process map” (Figure 11A) (Brown et al.,
2015; Emmert et al., 2014). The process map was constructed by monitoring THMs
concentrations hourly, identifying patterns, and then determining their origin from within the
WTP. Once the “normal” behavior was mapped, it was possible to make operational changes and
accurately determine the effects of those changes (Brown et al., 2015; Emmert et al., 2014).
Without knowing the process map, optimization studies may or may not make sense, depending
on how sampling procedures are timed within the process map.
The Lebanon, TN WTP established a process map of their individual and Total THMs
concentrations and determined that there were significant variations in the concentrations that
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occurred on hourly timescales (Brown et al., 2015; Emmert et al., 2014). Several of these short
term events were correlated with water treatment processes and were shown to occur regularly
during normal operations. With the process map in place, process optimization could be used
with confidence that the changes measured were a result of the process changes and not from
routine operations. During process optimization, the THM-RR system carefully monitored
individual and Total THMs concentrations while doses of powdered activated carbon (PAC) and
prechlorination were varied (Figure 11A).
PAC dosage was optimized first. During the process mapping phase (19–26 April 2013),
THMs concentrations were monitored while the PAC concentration was held constant at 10
mg·L−1. Between 27 April and 3 May, PAC concentration was increased to 15 mg·L−1. In the
final week of the PAC study (4–9 May), the dose was increased to 20 mg·L−1 PAC. With each
increase in PAC dose, the TOC concentrations of the finished water decreased (Figure 12).
However, the concentrations of Total THMs demonstrated no visual decrease in concentration
(Figure 11A). When plotted vs. PAC dose, the observed Total THMs concentrations increased
(Figure 12). It is generally accepted that as the TOC concentration decreases in the finished
water, the concentrations of THMs will too, as more of their precursors are removed.
Interestingly enough, this was not the case at the Lebanon, TN WTP during this period; instead,
the opposite trend was observed. Apparently, the TOC that was being removed was not TOC that
was being transformed into THM species.
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Process Optimization
Powdered Activated Carbon

Process Optimizaton
Pre-chlorination Dose
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City of Lebanon WTP, THM-RR Results

Process Mapping
Sludge removal in settling tank

GRAPHIC—Data in color with Boxed Comments

Figure 11. (A) Initial Month Expanded: Typical process map and two factor process
optimization study conducted at the Lebanon, TN WTP for optimization of powdered activated
carbon (PAC) dose and prechlorination dose; (B) The 8-month plot illustrates the large quantity
of THMs concentration data obtained after establishing the on-line monitoring program at the
Lebanon, TN WTP, and the consistent treatment practices implemented after 1 September 2013
to reduce THMs variability.

Figure 12. A plot of the powdered activated carbon optimization study; demonstrating a
decrease in Total Organic Carbon (TOC) with increasing PAC dose and a simultaneous
increase in Total THMs concentrations.
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With these results in mind, PAC concentrations were reduced to an optimal concentration
of 10 mg L−1 for controlling Total THMs concentrations. A simple economic study was done to
compare the PAC use in 2013 after implementation of the monitoring program to the comparable
period in 2012. Over this short time period, the WTP used 15,300 pounds less PAC in 2013,
translating to a savings of $14,400. Over the period of about one year, the Lebanon, TN WTP
has paid for their THM-RR system in PAC savings alone.
In addition to the cost savings on PAC use, other operational practices have been
streamlined at the Lebanon, TN WTP to minimize THMs concentrations and improve
consistency. In a follow-on study, the pre-chlorination dose on top of the filters was also
investigated. On 9 May and 10 May (Figure 11A), the concentration of chlorine dose at the prechlorination site was minimized guided by the THM-RR data so that the concentration of Total
THMs was held to less than 20 μg·L−1 and this control has continued to this day.
Finally, consider the overall effect on THMs concentrations when different WTP
operators employ slightly different practices from shift to shift. At the Lebanon, TN WTP, three
shifts are worked by different WTP operators. These WTP operators differ in experience and
sometimes, personal preference, as to how they operate the WTP. The process maps created
using THM-RR data identified trends traced back to differences in chlorine dose between the
three operators. This difference in chlorine doses leads to shifts in THMs concentration of more
than 10 μg L−1 on a day’s timescale and 30 µg L−1 on a week’s timescale. Once the trend was
confirmed, the superintendent of the Lebanon, TN WTP developed standard chlorine dose
protocols for all operators which have reduced shifts in THMs concentrations to less than 5 μg
L−1 on a daily timescale (Brown et al., 2015) (Figure 11B).
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The end results of these studies are exemplified in the lower plot of Figure 11B by
considering the left side of the plot compared to the right side of the plot. On the left side of the plot
(before 1 September 2013), the overview is a utility with large variability in its treatment
practices thus causing high variations in THMs concentrations. Prior to the on-site THMs
monitoring, the causes of the variability were practically unknown. The right side of Figure 11B
(after 1 September 2013) exemplifies the same WTP after having an on-site THMs monitoring
program in place. On the right side, the superintendent has taken control of the WTP processes,
optimized treatment practices, saved money, and improved water quality. Concurrently to this,
the short- and long-term variability of Total THMs concentrations was radically reduced.
Calibrating Empirical Models in the Lebanon, TN, WTP. The recent availability of
commercial on-site THM analyzers (AMS, 2012; Brown et al., 2015; Emmert et al., 2012 &
2014; Multisensor System, 2012; Parker Hannifin, 2015) has made it possible for WTP operators
to obtain hours’ timescale turnaround on their THMs concentrations. While the instruments are
commercially available, their use has not been widely adopted. There are approximately 300
WTPs that have some sort of on-site program in use. Thus, empirical modeling is still a
widespread practice. In this paper, the Amy model (Amy et al., 1998) is modified to mirror the
water quality data that is collected at the Lebanon, TN WTP. While this results in a “recalibration” of the Amy model, it should in no way detract from the creative, clever and robust
work as originally reported (Amy et al., 1987 & 1998) or indicate that their work was “wrong” in
anyway. The detailed Amy empirical model as it appears in the literature is shown below
(Equation (18)).
Total THMs (µg·L−1) = 0.0412 (DOC)1.10(D)0.152(Br−)0.068(T)0.61(pH)1.60(t)0.260
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(18)

The Amy literature model used raw water parameters whereas the work in this paper used
finished water parameters. Instead of DOC, the work presented here used total organic carbon
(TOC). At the WTP, the TOC concentrations and temperature are determined once per day (at
7:00 a.m.). The pH of the finished water is determined every four hours. The pH value used in
the models corresponds to the 7:00 a.m. readings of TOC and temperature. The chlorine dose and
contact time are each a daily average. The contact time depended upon the flow of water through
the plant and is calculated by multiplying the free available chlorine at the point of entry by the
time in minutes that it takes the drinking water to travel from the chlorination point to the point
of entry. The Total THMs concentrations reported by the THM-RR each day at the 7:00 a.m.
sampling time were used for calibration and comparison of the model; however the THM-RR
reported THMs concentrations once per hour. Finally, the bromide ion concentration (Br−) term
was ignored since the WTP’s source water did not contain Br− at appreciable concentrations.
The Amy literature model for THMs was based upon DOC concentrations that ranged
from 1.2 to 10.6 mg·L−1, chlorine doses ranging from 1.51 to 33.55 mg·L−1, temperatures of 15–
25 °C, pH of 6.5–8.5, and contact times ranging from 2 to 168 h (Amy et al., 1998). During the
calibration time period for the model, the water quality parameters at the Lebanon, TN WTP
ranged as follows: TOC was 0.106–1.65 mg·L−1; chlorine dose was 3.0–5.1 mg·L−1; temperature
was 8.5–26 °C; pH was 7–7.7; and contact time was 45–96 min. During the prediction period for
the models, the water quality parameters at the Lebanon, TN WTP ranged as follows: TOC was
1.1–1.92 mg·L−1; chlorine dose was 3.0–5.1 mg·L−1; temperature was 10.5–26.5 °C; pH was 7–
7.5; and contact time was 30–81 min. The concentrations of Total THMs for the Amy literature
model development were as high as 800 μg·L−1. In the work presented here, the Total THMs
ranged from 9 to 55 μg·L−1.
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Initially, the Amy model was applied directly as it appeared in the literature (Equation
(18)) with the exception of using the parameters as noted above. Total THMs concentrations
were generated for an 8-month period between May 2013 and January 2014 based on the
measured water quality parameters. This data is plotted as a function of time (Amy Lit.) in
Figure 13, along with the Total THMs concentrations measured by the THM-RR system during
the same time period (Figure 13, “THM-RR”). Visually, the two methods show differences, but
this is not surprising since the Amy model is based on source waters that did not include
Tennessee.

Figure 13. A plot of Total THMs vs. time from 1 May 2013 through 3 January 2014 is
shown. The plot includes Total THMs concentrations measured using the THM-RR, Total
THMs concentrations calculated using the Amy Literature model (Amy Lit.), and Total
THMs concentrations calculated after the Amy model has been calibrated (Amy Cal.).
The Amy model (Amy et al., 1998) was then fitted using non-linear least squares analysis
(Chowdhury et al., 2010; Motulsky & Ransnas, 1987; Systat Software Inc., 2015) to the Total
THMs concentration data from the THM-RR system. This was accomplished by allowing the
first coefficient and exponents of the water quality parameters to be variable during the fitting
process and thus produce a “calibrated” model equation (Equation (19)). The calibrated, site
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specific model was then used to calculate THMs concentrations based on the measured water
quality parameters which is plotted in Figure 13 (Amy Cal.). This was done to check the validity
of the fitting process and determine whether the calibrated model generates THMs
concentrations and trends similar to those of the THMs concentrations measured by the THMRR. Visually, the Total THMs concentration data generated by the calibrated model appears to
more closely follow the Total THMs concentration measurements from the THM-RR system.
Visual evaluation is important, but can be misleading. The human eye can see apparent patterns
where none exist and miss relationships that may be important.
Total THMs (µg L−1) = 16.173 (TOC)1.31(D)0.917(T)0.112(pH)−0.014(t)−0.315

(19)

Evaluating the Agreement between THM-RR Measurements and Empirical Models.
It is important to have a more quantitative approach than visual methods for evaluating
agreement. The agreement between the Total THMs concentrations predicted by the empirical
models and the Total THMs concentration measurements of the THM-RR can be compared
using Bland-Altman analysis (Altman & Bland, 1983; Bland & Altman, 1986, 1995, & 1999).
Bland-Altman analysis provides a statistical measurement of agreement between two methods
and a tool to investigate whether systematic errors exist, such as concentration dependent bias.
The agreement is evaluated by calculating the bias between the two methods for each set of
instantaneous Total THMs concentrations. The use of any method in comparison studies as a
“gold standard” is problematic (Altman & Bland, 1983); nevertheless, in this work for
convention the “true value” is assumed to be the THM-RR measurement. Thus, the analytical
bias (Skoog et al., 2007) was calculated by taking the difference between the two measurements
(Equation (20)).
Analytical Bias (μg·L−1) = Empirical model (μg·L−1) − THM-RR (μg·L−1)
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(20)

Even though this convention is applied, the Bland-Altman analysis was done properly by
plotting the analytical bias as defined in Equation (20) vs. the average of the Total THMs
concentrations from the THM-RR and empirical model rather than just the THM-RR
measurement (Altman & Bland, 1983). The Bland-Altman analysis was done using Sigma Plot
(Altman & Bland, 1983). In general, the smaller the bias, the better the agreement of the results
predicted by the two methods.
There were 136 direct comparisons made over eight months between the Amy Literature
model and THM-RR system at the Lebanon, TN WTP. The THM-RR measurements exhibited
concentration ranges of 9.2 to 39.9 μg·L−1. These concentrations are well within the range
encountered by a “typical” WTP that expect to observe Total THMs concentrations between ~1
and 100 μg·L−1. These measurements were made with an instrument capable of detecting Total
THMs concentrations of 0.05 μg·L−1 with mean % recoveries in this concentration range of 97%
to 103% with 2% RSD (Brown et al., 2015). The literature model predicted Total THMs
concentrations ranging from 2.0 to 44.1 μg·L−1 while the calibrated model Total THMs
concentrations ranged from 14.3 to 25.3 μg·L−1, which are in good agreement with the THM-RR.
The Bland-Altman bias for the literature model was 4.7 ± 8.9 µg·L−1, with a 95%
Confidence Interval (CI) of 3.2 to 6.1 µg·L−1. When one considers that the model is being
applied directly from the literature (Equation (18)) (Amy et al., 1998) outside of a water system
in which it was developed, this is an incredibly high degree of agreement and thus a robust
model. After calibration using the on-site THM-RR data, the Bland-Altman bias is reduced to 0.0
± 4.2 μg·L−1 with 95% CI ranging from −0.71 to 0.71 μg·L−1. The degree of agreement is much
improved by calibration, less than a single part-per-billion, and the relative error in the bias
decreased by over 50%. The analytical bias, as described earlier, gave virtually identical results
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to the Bland-Altman bias. The analytical bias is a simpler calculation and can be determined
using a spreadsheet. The improved agreement after calibration of the model shows promise for
this approach to generating site specific models.
The mean % recovery, a measure of the accuracy of the literature model, was 128% ±
55%. This is consistent with the bias measurements, indicating the literature model over-predicts
compared to the THM-RR measurements. Unfortunately, the standard deviation of this measure
indicates a high degree of variability in the accuracy of the model over time. Ideally, assuming
the two methods agree exactly, one would expect mean % recoveries of 100%. With the
calibrated model, the mean % recovery values improve to 105% ± 24% demonstrating
improvement in accuracy and a decrease in relative error by greater than 50%.
In Figure 14, four plots are presented related to the Bland-Altman bias calculations for
calibration of the models. In plots A and B (Figure 14), a typical correlation plot for the
concentrations of the literature model and calibrated model are plotted vs. the THM-RR
measurements, respectively. Visually, the two plots would appear to show some degree of
correlation, though the calibrated model shows a better correlation to the THM-RR
measurements over the literature model. However, this is to be expected as both methods were
developed to measure and/or predict the same value. The problem with these plots is that the data
will always cluster around a regression line (as shown in Figure 14) whatever the level of
agreement. Even though this type of plot is commonly used, this may not be the best way to
evaluate this type of data. Most of the plot is empty space. Additionally, as the range of
measurements increases, the degree of agreement will appear to increase as well (Altman &
Bland, 1983).
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Instead, it is preferable to plot the difference between the two methods vs. their average
(Altman & Bland, 1983), as shown in Figure 14C for the literature model and Figure 14D for the
calibrated model. Such a plot makes it much easier to estimate the level of disagreement, identify
outliers, and to identify any potential trends. The difference plots are similar to a residuals plot
that follows model fitting and as such any observed patterns may be similarly identified. For
example, in the literature model (Figure 14C), the bias becomes more positive as average Total
THMs concentrations increase, whereas the calibrated model (Figure 14D) shows a more
negative bias as average Total THMs concentrations increase. However, neither of these trends is
particularly pronounced, and with the exception of the slight trends, the errors seem to be randomly
distributed around the mean. Thus, apparently neither model suffers from strong systematic bias.
One shortcoming of calculating the bias, either with Bland-Altman analysis (Altman &
Bland, 1983; Bland & Altman, 1986, 1995, & 1999) or the analytical bias calculation (Skoog et
al., 2007) is that positive and negative differences may cancel one another out. This might result
in bias values that are close to zero indicating an apparent agreement where it may not exist. The
mean unsigned error (MUE) determines the absolute difference between any two pairs of
measurements providing a different estimate of agreement (Samarasinghe, 2007). The MUE of
the model is calculated by taking the absolute value of each bias and calculating the average bias,
thus minimizing the potential “cancelling” effect. The MUE for the Amy literature model was
7.8 ± 6.2 µg·L−1 while the MUE for the calibrated, site specific model was 3.1 ± 2.8 µg·L−1.
Hence, the Amy literature model predicted THMs concentrations that differed by 7.8 µg·L−1 on
average, positive or negative, while the calibrated model differed by 3.1 µg·L−1 on average. For
the literature model, the average difference between the MUE and Bland-Altman bias was 3.1
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µg·L−1. The difference for the calibrated model was identical. This indicates the magnitude of the
cancellation effect is ~3 µg·L−1, which is within the error of the bias and thus acceptable.

Figure 14. Bland-Altman Plots for the Amy literature and calibrated models for the period
of 1 May 2013 through 3 January 2014. (A) Amy Literature generated Total THMs
concentrations vs. THM-RR measurements; (B) Amy Calibrated generated Total THMs
concentrations vs. THM-RR measurements; (C) Difference plot for the Amy Literature model
and THM-RR measurements of Total THMs; (D) Difference plot for the Amy Calibrated
model and THM-RR measurements of Total THMs.
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When Total THMs concentrations are predicted in a time series as in process monitoring
measurements, it is important that the predicted values from the two methods agree in time or
closely “track well.” The term “analyte tracking” is used to refer to the instantaneous behavior of
two particular methods used simultaneously to measure the same species (Brown et al., 2015;
Emmert et al., 2007). If there is a change in Total THMs concentrations, one would expect two
methods to respond accordingly. Thus, if two adjacent samples at a particular point in time for
each method are analyzed, the two methods should be responding the same way; i.e., one would
expect that both methods (THM-RR and appropriate empirical model) should ideally be
registering the same “instantaneous change”—either both positive, both negative, or both
unchanged. Analyte tracking is thus a measurement of how well the THM-RR measurement and
the empirical model prediction agree over time (Brown et al., 2015; Emmert et al., 2007).
Analyte tracking was evaluated quantitatively by calculating the instantaneous
concentration change for two adjacent samples at a particular point in time for each method. At
each point in time, the difference in concentration at sampling time T1 and sampling time T2
(where T2 is greater than T1 and the two times are in consecutive order in the study) was
calculated by subtracting the concentration of analyte at T1 from the concentration of analyte at
T2. The two methods agree if both exhibit positive, negative or no change in concentration. The
two methods will agree 33% of the time by random chance. The Total THMs concentration
predicted by the Amy literature model tracked with the Total THMs measured by the THM-RR
52% of the time and tracking for the calibrated model was 51%. The differences in tracking
between the literature and calibrated model are unlikely to be significant.
Using Calibrated Empirical Models for Total THMs Predictions at the Lebanon, TN,
WTP. The THM-RR provides an avenue to calibrate the models using high quality and quantities
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of THMs concentration data in a cost-effective manner. However, the ultimate use of these
models, whether calibrated or not, is prediction of THMs concentrations at the WTP. Previously
mentioned, the Amy literature model was used to predict Total THMs concentrations, evaluated,
and subsequently re-fit using THMs concentrations data collected over an eight month period
from 1 May 2013 through 2 January 2014. In this section, the ability of the Amy literature (Amy
et al., 1998) and calibrated models to predict Total THMs concentrations in the following year
(June–December 2014) are evaluated. The 2014 predictions are compared to THM-RR
measurements using the same metrics (analytical bias (Skoog et al., 2007), Bland-Altman bias
(Altman & Bland, 1983; Bland & Altman, 1986, 1995, & 1999) and MUE (Samarasinghe, 2007)
as described in the calibration process in the previous section. To be clear, no re-fitting or
calibration was conducted for these comparisons. The comparison is based on using the Amy
literature and calibrated models as predictive tools (Figure 15) and the THM-RR measurements
of Total THMs concentrations at each point in time.

Figure 15. A plot of Total THMs vs. time from 23 June 2014 through 16 December 2014 is
shown where predicted Total THMs concentrations using the Amy Literature model (Amy
Lit.) and Amy Calibrated model (Amy Cal.) are compared to the Total THMs
measurements from the THM-RR.
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There were 147 direct comparisons made during 23 June 2014 to 16 December 2014
between the Amy literature model and THM-RR system. The THM-RR measurements ranged
between 9.7 and 55.2 μg·L−1 Total THMs. Over this same time period the literature model
predicted a Total THMs concentration range of 18.6 to 38.6 μg·L−1 and the calibrated model
predicted 15.4 to 30.6 μg·L−1. The Bland-Altman bias for the literature model prediction was 6.3
± 5.2 µg·L−1, with a 95% Confidence Interval (CI) of 5.5 to 7.1 µg·L−1. In context, the model is
predicting concentrations where the MCL for Total THMs is 80 μg·L−1. This agreement is
excellent for a model applied outside of the water system in which it was developed. The
calibrated model performance improved upon this prediction by a factor of three. The BlandAltman bias for the prediction was 2.0 ± 4.7 μg·L−1 with a 95% CI of 1.2 to 2.7 μg·L−1. This
means that for predictions one calendar year later, the calibrated model predicted Total THMs
concentrations to within ~3 μg·L−1. As before, the analytical bias provided the same results as
the Bland-Altman bias.
The mean % recovery of the 2014 predictions was 138% ± 33% for the literature model and
115% ± 22% for the calibrated model. These are both consistent with the bias measurements. The
calibrated model is better at predictions one year later over the literature model, though the mean
% recoveries for both have increased with time compared to the previous year.
As shown above, Bland-Altman plots of Total THMs concentrations generated by the
literature and calibrated models vs. the THM-RR measurements are presented in Figure 16 A,B,
respectively. Both show correlation between the model predictions and THM-RR measurements,
as expected (Altman & Bland, 1983). The plots of differences are shown in Figure 16 C,D,
demonstrating no strong trends between the bias and average concentration for both the literature
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and calibrated models. This means that the error is randomly distributed about the mean and the
models have minimal systematic bias in the predictions.
The MUE of the predictive models using both the Amy literature model and the
calibrated model were calculated as described earlier by taking the absolute value of each bias
and calculating the average. The MUE for the Amy literature model was 6.8 ± 4.6 µg·L−1 while
the MUE for the calibrated site specific model was 3.7 ± 3.4 µg·L−1. For the literature model, the
difference between the MUE and the Bland-Altman bias is 0.5 μg·L−1, and for the calibrated
model, 1.7 μg·L−1. Both of these differences indicate that the “cancelling” effect is minimal and
are acceptable values as they are within the error of the bias analysis.
The analyte tracking for the predictive Amy literature and calibrated model showed that the
literature model tracked the THMs measurements by the THM-RR system 52% of the time while
the calibrated model tracked the measurements 49% of the time. The difference in tracking
between the two models is negligible. Again, inspection of the two model plots compared to
Total THMs measurements by the THM-RR system demonstrates that the calibrated model
provides an overall, better visual “match” than the literature model. However, some loss of detail
might occur during the calibration process. For example, the seasonal temperature inversion
event occurred at the Lebanon, TN WTP between 22 September and 13 October 2013 (Figure
11B). In Figure 13, the Amy literature model exhibits a marked increase in THMs, while the
Amy calibrated model does not. A similar example in Figure 15 occurs between 10 October and
18 October 2014; the THM-RR result shows a large increase in THMs. Here, the Amy literature
model predicts a larger increase than the Amy calibrated model though neither predict a
concentration increase as large as the THM-RR measures.
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Figure 16. Bland-Altman Plots for the Amy literature and calibrated models for the period
of 23 June 2014 through 16 December 2014. (A) Amy Literature generated Total THMs
concentrations vs. THM-RR measurements; (B) Amy Calibrated generated Total THMs
concentrations vs. THM-RR measurements; (C) Difference plot for the Amy Literature model
and THM-RR measurements of Total THMs; (D) Difference plot for the Amy Calibrated
model and THM-RR measurements of Total THMs.
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Conclusion
An automated, on-site THMs monitoring program was established at the Lebanon, TN WTP.
This was accomplished using the commercially available THM-RR system. The THM-RR was
used first to establish a process map that identifies the baseline behavior of the WTP. With the
process map in place and baseline behavior understood, process optimization studies were done
quantitatively and with confidence that observed changes in THMs concentrations were
representative of the chemistry occurring during water treatment. Particular attention was paid to
optimizing PAC dosage (and thus lowering cost) so that THMs were minimized while improving
water quality with respect to THMs occurrence. Further optimization studies were aimed at the
pre-chlorination dose to reduce THMs concentrations. Finally, procedures employed by different
operators over different shifts were made more uniform. All of these studies combined to yield a
WTP that now operates with much less short- and long-term variability in THMs concentrations.
The hourly THMs concentrations measured by the THM-RR were used to evaluate and
calibrate a modified version of the well-established Amy empirical model (Amy et al. 1998).
Bland-Altman analysis was used to evaluate the agreement between the THMs measurements of
the THM-RR and the THMs predictions of the empirical model. The modified empirical model,
when applied directly from the literature, agreed with THMs measurements from the THM-RR
system to an average difference (bias) of about 6 μg·L−1 with error of about 5 μg·L−1, which is
remarkable performance. However, when the model is calibrated by fitting the model results to
the THM-RR data, the performance of the model is much improved. The calibrated model was
capable of predicting Total THMs concentrations accurately, a full calendar year later, to within
2 μg·L−1 with error of about 5 μg·L−1.

81

With the availability of on-site monitoring methods such as the THM-RR system, one
might argue that the days of empirical modeling are over. After all, why model when one can
now carry out automated on-site monitoring? Nevertheless, the literature is ripe with empirical
modeling of THMs concentrations using routine operating water quality data. Such practices are
unlikely to end. However, the advent of automated on-site THMs monitoring does provide an
opportunity to test the performance of empirical models. These models can be calibrated using
on-site THMs monitoring data, thus becoming site specific models optimized for a particular
WTP. Combining the practices of on-site monitoring with empirical modeling can lead to two
parallel tools for THMs monitoring that operators can use to maintain control and identify
potential issues. For example, a WTP monitoring THMs can automatically compare
measurements made “on the fly” to calibrated empirical models. Agreement between the
measurement and prediction indicate a system operating normally. However, deviation from this
agreement, outside of expected norms, indicates either an analytical problem or a treatment
process problem. The analytical problem is easily tested using a standard. If there is no analytical
problem, the operator can efficiently move toward troubleshooting the problem in the treatment
process.
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Chapter 5
Conclusion and Future Recommendations

The work presented in this dissertation achieved the research goals stated in
Chapter 1. In the following section, the conclusions and recommendations for future work
will be summarized.
Detection of Cr (VI) in Sodium Hypochlorite Solutions
It was established through a comprehensive analysis of 19 bulk hypochlorite
solutions that Cr (VI) is not a major contributor to the MCL or the NSF/ANSI Standard 60
SPAC in drinking water. However, it was confirmed that if Cr (VI) was present it would
be stable in the high pH environment of sodium hypochlorite solutions for at least a month.
In addition, if Cr (III) was present at the high pH environment of sodium hypochlorite, then
it would be oxidized into Cr (VI). Thus, if Cr (VI) was present in sodium hypochlorite
solutions that it could indeed contribute to the concentration in drinking water.
Future Work in Sodium Hypochlorite Solutions
Since all hypochlorite solutions tested below the MDL future work in this area
seems to be to move away from the thought process that sodium hypochlorite solutions
contribute to overall Cr (VI) concentrations in drinking water. However, out of this survey
of Cr (VI) came a discovery that HAAs form in the sodium hypochlorite solutions at
significant levels relevant to HAAs concentration in drinking water in terms of the MCL
and NSF/ANSI SPAC Standard 60 for HAAs (NSF/ANSI, 2005). Further research has
been done to determine how much these sodium hypochlorite solutions contribute to HAAs
concentrations in drinking water. This research shows that sodium hypochlorite
contributes anywhere from one third to one half of the total amount of HAA in a drinking
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water system that uses sodium hypochlorite solutions as a premier source of disinfection
(Emmert et al., 2013). This work is the basis for an international taskforce started by NSF
International to further investigate the impact of HAAs in sodium hypochlorite feedstock
solutions on the concentrations of HAAs in finished drinking water.
Combined HAAs and THMs Instrument
A combined HAA and THM analyzer was achieved using stopped flow capillary
membrane sampling gas chromatography with electron capture detection. This combined
instrument demonstrated the feasibility of an instrument capable of measuring both THMs
and HAAs simultaneously at the μg L-1 level. This is the first report of such an instrument
capable of speciating the individual THMs and HAAs by a single, automated analyzer.
This combined instrument was capable of detecting all four of the THM species as well as
seven of the nine HAAs which is a significant advance for analysis of DBPs.
Future Work with the Combined HAAs and THMs Instrument
Further research will need to be explored in not only the commercial availability of
this instrument, but also in making the instrument more environmentally friendly.
Alternatives to derivatizing agents must be investigated at to find a safer option to dimethyl
sulfate. Once the proper derivatizing agent is found the process of automating the
instrument can begin with the hopes of making a commercially available instrument.
Calibration of Empirical Models
A calibrated, site-specific, empirical model was generated at the Lebanon, TN,
WTP. This calibrated model was then used to accurately predict THMs concentration to
within 2 μg L-1 over a year into the future. This is the first published example of a highly
calibrated, site-specific empirical model. The term “highly calibrated” refers to the model
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being calibrated to hourly, on-line, on-site THMs monitoring data collected for
approximately one year. In comparison, previous “calibrations” were typically based on
quarterly monitoring data, at best. The combination of using highly calibrated models
along with the automated, on-line, on-site THM concentration data from the THM-RR now
provides water operators with two complimentary THMs monitoring tools that should
agree with one another to within ~2 μg L-1. As long as this is the situation, the water
operator knows the WTP is operating within tolerances. However, if these two values
begin to diverge, this is an indication of an abnormality in the WTP operation that requires
attention. The THM-RR system can be easily tested by analysis of a check standard. If the
analysis results are within normal operating parameters, then the water operator knows
there has been a significant change in the operation of the WTP which can be identified
and corrected. If the THM-RR system is not within normal operating parameters, it can be
easily recalibrated within a couple of hours. Such an option has never before been available
to water treatment operators.
Future Work with Empirical Modeling
This research with calibrated empirical models has led to another way of using
these calibrated empirical models. As of March 2016, a United States Department of
Agriculture Small Business Innovation Research (USDA-SBIR) Phase I grant was awarded
that was an extension of this work. The USDA-SBIR Phase I grant is tasked with
evaluating the feasibility of developing a rural cooperative for THMs monitoring and
modeling. The idea behind the proposed work is that three different WTPs will work
together to form a rural cooperative, thus allowing them to share the expense of on-line
monitoring instrumentation. The future work of this project will involve constructing a
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mobile THM-RR laboratory that containing all the instrumentation required to calibrate
empirical models to predict THM formation. The rural cooperative will work by using the
THM-RR to monitor THM concentrations at each WTP for ten days, followed by empirical
model prediction for 20 days. In this fashion, the mobile THM-RR laboratory will rotate
among the three members of the rural cooperative, allowing them to better control THMs
concentrations in their finished drinking water. The rural cooperative will give smaller,
rural WTPs the opportunity to monitor and model THMs concentrations in ways similar to
their larger metropolitan counterparts.
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